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PREFAC  E. 


'Tj^HE  present  work  has  its  origin  in  an  attempt  to 
comply  with  a  suggestion  which  has  frequently  been 
made  to  me,  that  I  should  prepare  an  abridged  edition  of  my 
translation  of  Ganot's  Élhnents  de  Fhysiqite,  which  could  be 
used  for  purposes  of  more  elementary  instruction  than  that 
work,  and  iii  which  the  use  of  mathematical  formulae  would 
be  dispensed  with.  But  I  soon  found  that  to  do  anytliing  of 
the  kind  which  would  be  more  than  a  mere  series  of  extracts 
would  be  very  difficult,  and  hence  I  turned  my  attention  to 
another  book  by  the  same  author,  which  has  had  a  very 
extensive  circulation  in  France,  his  Cours  élémentaire  de  Phy- 
sique, and  this  I  have  taken  as  the  basis  of  the  present  book. 

It  is  not  a  mere  translation,  but  such  additions  and  altera- 
tions have  been  made  as  I  thought  fitted  to  render  the  book 


vi  Preface. 

useful  to  the  classes  for  which  it  was  more  especially  de- 
signed— namely,  as  a  text-book  of  physics  for  the  middle  and 
upper  classes  of  boys'  and  girls'  schools,  and  as  a  familiar 
account  of  physical  phenomena  and  laws  for  the  general 
reader.  In  range  it  may  perhaps  be  nearly  taken  to  represent 
the  amount  of  knowledge  required  for  the  matriculation 
examination  of  the  London  University. 

Although  English  scientific  ^literature  is  not  wanting  in 
works  in  which  the  main  physical  phenomena  are  explained 
in  familiar  language,  they  are  for  the  most  part — whether 
from  too  much  conciseness  in  some  parts  or  from  too;  minute 
details  in  others,  or  again  as  being  too  costly — not  suited  for 
direct  teaching  purposes. 

To  focilitate  reference,  the  articles  of  the  present  work 
have  been  numbered,  and  a  copious  index  has  been  drawn 
up  in  accordance  with  this  arrangement. 

E.  Atkinson. 

Staff  Coli-ece  : 
1872. 


ADVERTISEMENT 

TO 

THE     THIRD  EDITION. 


J  N  a  work  which  is  intended  to  serve  only  as  an  elementary 
introduction  to  the  study  of  a  science,  no  great  additions 
can  be  made  Avithout  departing  from  the  plan  on  which  it  is 
based.  Accordingly,  in  the  present  edition  I  have  not 
thought  it  advisable  to  add  more  than  about  1 7  pages  of  new 
matter,  and  25  additional  illustrations.  To  this  must  be  added 
an  Appendix  of  16  pages  of  Questions,  systematically  arranged 
in  reference  to  the  corresponding  parts  of  the  book,  and  de- 
signed to  serve  as  a  sort  of  Self-Examiner  to  those  who  have 
not  the  advantage  of  formal  instruction. 

E.  A. 

Staff  College  : 
January,  1878. 
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BOOK  I. 

GENERAL  PROPERTIES  OF  MATTER,  AND 
UNIVERSAL  ATTRACTION. 


CHAPTER  I. 
PREUMINARY  NOTIONS. 

I.  Definition  of  pbysics — The  word  physics  is  derived  from 
the  Greek  (^ûtrts-,  nature  ;  for  the  ancients  understood  by  the  term 
physics  the  study  of  the  whole  of  nature.  They  comprised  within 
the  domain  of  this  science  fnechanics,  astronomy,  chemistry,  botany, 
zoology,  medicine,  and  even  astrology  and  divination,  whether  by 
the  stars  or  by  the  observation  of  physiognomy. 

The  province  of  physics  is  at  present  much  more  restricted.  Its 
object  may  be  considered  to  be  tlic  study  of  those  phenomena  which 
do  not  depend  on  cliaiiges  in  the  composition  of  bodies  ;  for  these 
belong  to  chemistry. 

Thus,  when  water  by  cooling  is  changed  into  ice,  and,  when 
this  ice  by  being  heated  is  again  changed  into  water,  the  liquid  is 
exactly  the  same  as  before  ;  not  merely  are  all  its  properties  the 
same,  but  its  volume  is  identical  with  what  it  originally  was.  The 
passage  of  water  to  the  state  of  ice,  and  the  return  of  the  latter  to 
the  liquid  state,  are  pliysical  phenomena.  In  like  manner,  when  a 
brittle  object,  one  of  porcelain  or  of  glass,  for  instance,  falls  to  the 
ground  and  breaks,  each  piece  retains  exactly  the  same  chemical 
composition.  The  fall  of  the  vessel  and  its  fracture  against 
the  ground  are  then  physical  phenomena. 
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On  the  other  hand,  when  wood  burns,  its  substance  is  completely 
modified.  It  consists  of  several  different  forms  of  matter,  and  is 
decomposed  ;  one  part  of  its  elements  passes  into  the  atmosphere 
in  the  form  of  gas  and  vapours,  while  another  is  left  as  a  resid.ue 
consisting  of  ash  and  charcoal.  In  short  the  substance  we  know 
as  wood  has  disappeared,  and  is  replaced  by  others  which  are  en- 
tirely different.  The  combustion  of  wood  is  then  a  chemical  phe- 
)iome}i07i. 

2.  Matter,  mass,  density. — We  understand  by  the  term  matter 
whatever  can  affect  one  or  more  of  our  senses  ;  that  is  to  say,  any- 
thing whose  existence  can  be  recognised  by  the  sight,  touch,  taste, 
smell  or  hearing. 

The  mass  of  a  body  is  the  quantity  of  matter  contained  in  this 
body.  Different  substances  may  contain  very  different  quantities 
of  matter  in  the  same  volum  e.It  will  subsequently  be  shown,  for 
instance,  that,  for  equal  volumes,  lead  contains  nearly  eleven  times 
as  much  matter  as  water,  and  gold  nineteen  times  as  much.  This 
is  expressed  by  saying  that  the  masses  of  lead  and  of  gold,  are 
respectively  eleven  and  nineteen  times  as  dense  as  water.  When  one 
body  has,  for  the  same  volume,  twice  or  thrice  the  mass  of  another, 
it  is  said  to  be  twice  or  thrice  as  dense,  and  the  density  of  one  sub- 
stance in  reference  to  another  is  the  number  which  expresses  bow 
much  matter  the  first  body  contains  as  compared  with  the  second. 

3.  Simple  and  compound  substances. — It  has  been  ascer- 
tained that  all  the  various  forms  of  matter  with  which  we  are 
acquainted  may  be  resolved  into  about  sixty-five  different  kinds, 
which  are  called  simple  substances  or  elements,  to  express  that  each 
only  contains  one  kind  of  matter.  Many  of  these  are  very  rare, 
and  are  found  in  very  minute  quantities  ;  others  are  more  widely 
diffused,  and  have  important  uses,  but  are  not  abundant;  and 
the  great  mass  of  the  universe  is  made  up  of  about  fourteen  ;  the  non- 
metallic  bodies,  or  metalloids,  oxygen,  hydrogen,  nitrogen,  silicon, 
carbon,  sulphur,  phosphorus,  and  chlorine  ;  and  the  metals  alu- 
minum, potassium,  sodium,  calcium,  magnesium,  and  iron. 

Very  few  of  these  elements  occur  in  nature  in  the  free  state  ;  by 
far  the  greater  number  of  the  substances  we  know  are  compound  ; 
that  is,  formed  by  the  union  of  two,  three,  or  four  of  these  ele- 
ments. Thus  water  consists  of  hydrogen  and  oxygen  ;  marble,  of 
carbon,  oxygen,  and  calcium  ;  muscular  tissue,  of  carbon,  hydrogen, 
oxygen,  and  nitrogen.  The  number  of  substances  containmg  more 
than  four  elements  is  very  small. 
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The  force  in  virtue  of  which  different  substances  unite  to 
form  compounds,  and  which  opposes  the  resolution  of  compounds, 
into  their  elements,  is  called  the  force  of  chemical  attraction  or 
affinity. 

4.  Internal  constitution  of  bodies.  Atoms,  molecules,  mole- 
cular forces. — The  properties  of  bodies  prove  that  they  are  not 
formed  of  continuous  and  compact  matter,  as  they  seem  to  be,  but 
that  they  are  agglomerations  of  excessively  small  material  particles, 
which  are  called  atoms.  The  elementary  atoms  can  unite  with 
each  other  to  form  compounds,  but  cannot  be  destroyed  by  any 
known  process. 

.  The  term  molecule  is  given  to  the  smallest  cluster  of  atoms  of 
any  substance  which  is  conceived  capable  of  existing  by  itself  ; 
every  pure  substance  consists  of  similar  molecules. 

The  same  properties  which  have  led  physicists  to  assume  the 
existence  of  atoms  and  molecules  have  also  led  to  the  assumption 
that  these  small  particles  do  not  touch,  but  are  simply  juxtaposed, 
retaining  between  them  extremely  small  intervals,  which  we  shall 
afterwards  become  acquainted  with  under  the  name  of p07-es  (9). 

But  it  may  be  asked.  How  is  it  that  bodies  do  not  spontaneously 
fall  into  powder .?  What  gives  them  solidity  and  hardness  1  What 
is  the  invisible  force  that  unites  atoms  and  molecules  ? 

This  force  is  the  reciprocal  attraction  which  the  molecules  of 
bodies  exert  upon  each  other  and  which  is  continually  drawing 
them  together.  The  force  which  holds  together  particles  of  the 
same  kind  of  matter  is  called  molecular  attractiott  ;  the  force  which 
holds  together  particles  of  diffio-entVmAs  of  matter  is  called  cJiemical 
attraction  or  affinity  (3).  When  hydrogen  and  oxygen  unite  to  form 
water,  they  do  so  by  reason  of  the  exercise  of  the  latter  force  ;  while 
the  particles  of  water  are  held  together  by  molecular  attraction. 

If  molecular  attraction  were  the  only  force  acting  upon  tlic  small 
particles  of  which  bodies  are  composed,  they  would  come  into  com- 
plete contact,  which  is  never  the  case.  They  are  also  under  the 
influence  of  a  force,  in  virtue  of  which  their  particles  continually 
tend  to  separate  themselves  ;  this  is  the  force  of  heat.  Experi'- 
ment  shows,  in  fact,  that  whenever  a  body  is  heated,  its  volume 
increases  because  its  molecules  are  driven  apart  ;  while  on  the 
contrary  its  volume  diminishes  when  it  is  cooled,  because  the 
molecules  then  become  closer.  The  particular  form  which  mailer 
assumes— whether  solid,  liquid,  or  gaseous— depends  on  the  e.xlcnt 
to  which  it  is  influenced  by  these  antagonistic  forces. 
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5.  Biffèrent  states  of  matter. — All  substances  present  cha- 
racters in  virtue  of  which  they  may  be  divided  into  three  distinct 
-classes,  solids,  liquids,  and  gases. 

Solids,  such  as  vioo'à,  stones,  metals,  etc.,  are  substances  which 
are  more  or  less  hard,  and  retain  the  form  which  they  possess 
naturally,  or  wTiich  has  been  given  them  by  art.  It  is  assumed 
■that  in  solids  molecular  attraction  preponderates  over  repulsion. 

Liquids,  such  as  water,  oil,  mercury,  are  bodies  which  have  no 
hardness,  and  present  but  little  resistance  when  a  body  is  immersed 
in  them  ;  they  have  no  shape  of  tlieir  own,  but  at  once  take  that  of 
the  vessels  in  which  tliey  are  contained  ;  they  are  virtually  incom- 
pressible. It  is  assumed  that  in  them  molecular  attraction  is  bal- 
anced by  the  force  of  heat,  and  that  wbile  the  molecules  can  freely 
glide  over  each  other,  they  keep  an  invariable  distance  apart  if  the 
temperature  be  not  altered. 

Gases,  such  as  hydrogen,  oxygen,  carbonic  acid,  are  also  called 
aeriform  fluids,  from  their  analogy  witli  our  air,  which  is  a  mixture 
.of  oxygen  and  nitrogen.  They  are  very  light  bodies  ;  excepting  a 
small  number,  which  are  coloured,  they  are  invisible  ;  and  hence  a 
vessel  filled  with  air,  hydrogen,  or  any  colourless  gas,  appears  quite 
empty.  Like  liquids,  they  have  no  slrape  of  their  o\vn,  but,  unlike 
liquids,  they  are  eminently  compressible  and  expansive.  In  them 
the  force  of  heat  preponderates  over  molecular  atti-action  (4)  ;  whence 
it  follows  that  they  are  continually  tending  to  occupy  a  larger  space. 
This  property  Avill  be  described  as  the  expansibility  of  gases  (109). 

There  are  many  bodies  which  can  exist  in  all  these  three  dif- 
ferent forms  ;  thus  water,  exposed  to  great  cold,  becomes  solid  in  the 
form  of  ice  ;  at  ordinary  temperatures  it  is  liquid,  while  at  higher 
temperatures  it  becomes  a  gas.  Sulphur,  iodine,  and  several  of  the 
metals,  suCh  as  mercury  and  zinc,  present  the  same  phenomena. 


CHAPTER  II. 
GENERAL  PROPERTIES  OF  BODIES. 

6.  Extension. — By  general  properties  we  understand  those 
which  are  common  to  all  bodies,  whether  solids,  liquids,  or  gases  ; 
such,  for  instance,  are  extension,  impenetrability,  divisibility, 
porosity,  compressibility,  elasticity,  inertia,  and  gravity. 

Specific  properties  are  such  as  we  obsen'c  only  in  certain  bodies. 
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or  in  certain  states  of  these  bodies  ;  solidity,  fluidity-,  tenaeity,  malle- 
ability, coloui-,  hardness,  etc.,  are  properties  of  thiS' class. 

The  first  general  property  ef  bodies  with  which  we  are  ooncerned 
is  their  extension  or  Magnitude  ;  that  is,  the  e.xtent  of  space  they 
occupy.  All  bodies,  even  the  smallest  atoms,  hava  a,  certain  ex- 
tension. 

Extension  considered  in  only  one  direction,  that  of  leng-th,  gives 
a  line  ;  in  two  directions,  length  and  breadth,  a  J7^r/^T<:^  ;  and,-inthe 
three  directions,  length,  breadth,  and  thickness,  a  volmne. 

With  respect  to  the  above  general  properties,  it  may  be  re- 
marked that  impenetrability  and  extefision  might  be  ra,ore  aptly 
termed  essential  attributes  of  matter,  since  they  suffice  to  define  it; 
and  that  divisibility,  porosity,  compressibility,  and  elasticity  do  not- 
apply  to  atoms,  but  only  to  bodies  or  aggregates  of  atoms. 

7.  Impenetrability. — This  is  the  property  in  virtue  of  which 
two  portions  of  matter  cannot  simultaneously  occupy  the  same  por- 
tion of  space.  Strictly  speaking,  this  property  only  applies  to  the 
atoms  of  bodies. 

In  many  phenomena  bodies  appear  to  penetrate  eacb  other. 
Thus,  if  a  pint  of  water  and  a  pint  of  alcohol  be  mixed  together,  the 
volume  of  the  mixture  is  less  than  two  pints.  A  similar  contraction, 
occurs  in  the  formation  of  certain  alloys  ;  for  instance,  brass, 
which  is  an  alloy  of  copper  and  zinc,  occupies  a  less  volume  than 
the  united  volumes  of  its  constituents. 

This  penetration  is,  however,  only  apparent,  and  is  due  to  an 
alteration  in  the  position  of  the  molecules  ;  they  come  nearer  each 
other,  and  the  space  occupied  by  the  pores  is  diminished. 

A  nail  driven  into  wood  is  not  a  true  case  of  penetration.  The 
molecules  of  the  latter  are  driven  apart  by  the  nail,  but  wherever  it 
has  penetrated  there  is  no  wood.  When  water  is  poured  upon  a 
heap  of  sand  it  at  once  disappears;  the  water,  however,  does  not 
penetrate  the  substance  of  the  sand  itself,  but  merely  fills  the  in- 
terstices between  the  grains. 

8.  DivisibiUty.-This  is  the  property  which  all  bodies  have  of 
being  divided  into  distinct  parts. 

Numerous  examples  may  be  cited  of  the  extreme  divisibility  of 
matter.    The  tenth  part  of  a  grain  of  musk  will  continue  for  years 
o  fill  a  room  with  its  odoriferous  particles,  and  at  the  end  of  that 
time  will  scarcely  be  diminished  in  weight. 

A  piece  of  carmine  not  larger  than  a  grain  of  corn  gives  a  dis 
t'nct  colour  to  two  gallons  of  water,  from  wliich  it  can  be  deduced 
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that  this  small  quantity  of  colouring  matter  cannot  contain  less  than 
ten  million  particles. 

Blood  is  composed  of  red,  flattened  globules  floating  in  a  colour- 
less liquid  called  serinn.  In  man  the  diameter  of  one  of  these 
globules  is  less  than  the  3,500th  part  of  an  inch,  and  the  drop  of 
blood  which  might  be  suspended  from  the  point  of  a  needle  would 
contain  about  a  million  of  globules. 

Again,  the  microscope  has  disclosed  to  us  the  existence  of  in- 
sects smaller  even  than  these  particles  of  blood  ;  the  struggle  for 
existence  reaches  even  to  these  httle  creatures,  for  they  devour  still 
smaller  ones.  If  blood  runs  in  the  veins  of  these  devoured  ones,  how 
infinitesimal  must  be  the  magnitude  of  its  component  globules  ? 

Has  then  the  divisibility  of  mat- 
ter no  limit?  Although  experi- 
ment fails  to  determine  such  limit, 
many  facts  in  chemistry,  such 
as  the  invariabihty  in  the  relative 
weights  of  the  elements  which 
combine  with  each  other,  would 
lead  us  to  believe  that  a  limit  does 
exist.  It  is  on  this  account  that 
bodies  are  conceived  to  be  com- 
posed of  extremely  minute  and  in- 
divisible parts  called  atoms  (4). 

9.  Porosity. — Pores  are  the 
extremely  small  intervals  which 
exist  between  the  molecules  of 
bodies,  a.nA  porosity  is  the  property 
which  bodies  possess  of  having 
pores. 

Two  kinds  of  pores  may  be 
distinguished  :  pltysical  or  inter-' 
moleciitar  pores,  where  the  inter- 
stices are  so  small  that  the  mole- 
cules remain  within  the  sphere  of 
each  other's  attracting  or  repelling 
forces  ;  and  sensibte  pores,  or  actual 
cavities,  across  which  these  mole- 
cular forces  cannot  act. 

The  contractions  and  expan- 


Fig. 


sions  resulting  from  variations  of  temperatures  are  due  to  the  exist- 
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erice  of  physical  pores  ;  whilst  in  the  organic  world  the  sensible  pores 
are  the  seat  of  the  phenomena  of  exhalation  and  absorption. 

In  wood,  sponge,  pumice  stone,  and  in  animal  and  vegetable 
tissues,  the  sensible  pores  are  apparent  ;  physical  pores  never  are 
seen.  Yet  since  the  volume  of  every  body  may  be  diminished, 
we  conclude  that  all  bodies  possess  physical  pores. 

The  existence  of  sensible  pores  may  be  shown  by  the  following 
experiment  :— A  long'glass  tube,  A  (fig.  i)  is  provided  with  a  brass 
cup,  m,  at  the  top,  and  a  brass  foot  made  to  screw  on  to  the  plate 
of  an  air-pump.  The  bottom  of  the  cup  consists  of  a  thick  piece 
of  leather.  After  pouring  mercury  into  the  cup  so  as  entirely  to 
cover  the  leather,  the  air-pump  is  worked,  and  a  partial  vacuum 
produced  in  the  tube.  By  so  doing,  a  shower  of  mercury  is  at  once 
produced  within  the  tube,  for  the  atmospheric  pressure  on  the 
mercury  forces  that  liquid  through  the  pores  of  the  leather.  In  the 
same  manner  water  or  mercuiy  may  be  forced  through  the  pores 
of  wood,  if  the  leather  in  the  above  experiment  be  replaced  by  a 
disc  of  wood  cut  perpendicular  to  the  fibres. 

When  a  piece  of  chalk  is  thrown  into  water,  air-bubbles  at  once 
rise  to  the  surface,  in  consequence  of  the  air  in  the  pores  of  the 
chalk  being  expelled  by  the  water.  The  chalk  will  be  found  to  be 
heavier  after  immersion  than  it  was  before,  and  from  the  increase 
of  Its  weight  the  volume  of  its  pores  may  be  determined. 

The  porosity  of  gold  was  demonstrated  by  the  celebrated  Floren- 
tme  experiment  made  in  1661.  Some  academicians  at  Florence 
wishmg  to  try  whether  water  was  compressible,  filled  a  thin  ^lobe 
of  gold  with  that  liquid,  and,  after  carefully  closing  the  orifice 
hermetically,  they  exposed  the  globe  to  pressure  with  a  view  of 
altermg  its  form,  well  knowing  that  any  alteration  in  form  must  be 
accompanied  by  a  diminution  in  volume.  The  consequence  was 
tnat  the  water  forced  its  way  through  the  pores  of  the  gold,  and 
stood  on  the  outside  of  the  globe  like  dew.  This  experiment  has 
since  been  repeated  with  globes  of  other  metals,  and  like  results 
obtained. 

The  Florentine  academicians  had  concluded  from  their  experi- 
ments that  liquids  were  incompressible  ;  that  is,  could  not  be  re- 
duced in  volume  by  pressure.  This,  however,  is  not  the  case  • 
liquids  are  compressible,  though  to  a  very  small  extent  (75)  By 
cooling,  a  far  greater  diminution  in  volume  can  be  produced 

From  these  facts  we  conclude  that  the  molecules  of  liquids  mav 
be  brought  nearer  each  other,  and  therefore  that  there  are  pore's 
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between  them.  The  facihty,  moreover,  with  which  hquids  mix  is 
a  proof  of  their  porosity. 

lo.  Applications  of  porosity. — The  property  of  porosity  is 
frequently  utilised,  more  especially  in  the  process  of filtration.  This 
consists  in  clarifying  liquids,  by  freeing  them  from  particles  of 
matter  which  they  hold  in  suspension  ;  as  is  done,  for  instance,  with 
river  water,  which  is  turbid,  owing  to  the  earthy  matter  it  carries 
along  with  it. 

The  apparatus  used  for  this  purpose  are  called  filters,  and  are 
usually  constructed  of  imsized  paper,  felt,  charcoal,  etc.  The 


Fig.  2.  Fig.  3. 


pores  of  these  substances  are  sufficiently  large  to  allow  liquids  to 
pass,  but  small  enough  to  arrest  the  particles  held  in  suspension. 
Figure  2  represents  a  filtering  fountain,  one  side  of  which  is  sup- 
posed to  have  been  removed,  so  that  its  construction  can  be  seen.  It 
consists  of  a  box  about  a  yard  high  divided  in  the  inside  into  two 
compartments  by  a  porous  slab,  A.  The  water  to  be  filtered  is 
placed  in  the  upper  compartment,  whence  it  slowly  percolates 
through  the  pores  of  the  stone  into  the  lower  one,  leaving  behind 
it  the  foreign  substances.  In  one  of  the  sides  of  the  box  is  a  tube 
a,  which  terminates  in  the  lower  compartment,  and  allows  the  air 
to  escape  in  proportion  as  water  enters. 
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Figure  3  represents  a  filter  known  as  the  strainer  pf  ffippocraies. 
It  is  a  conical  felt  bag  suspended  by  three  cords,  into  which  is 
poured  the  turbid  liquor  ;  it  slowly  traverses  the  pores,  while  all 
the  solid  particles  to  which  the  turbidity  is  due,  remain  behind  on 
the  filter.  This  method  is  well  adapted  for  clarifying  syrups,  jellies, 
and  liqueurs. 

Layers  of  powdered  wood  charcoal  are  also  used  for  filtration. 
A  layer  of  sand  or  of  broken  glass  produces  the  same  effect.  The 
limpidity  of  well-water  is  due  to  its  filtration  through  strata  of  earth. 

II.  Compressibility. — This  is  the  property  which  bodies 
possess  of  being  diminished  in  volume  by  pressure  without  under- 
going any  loss  of  weight.  Being  due  to  the  approach  of  the  mole- 
cules, it  is  both  a  consequence  and  a  proof  of  porosity. 

Compressibility  is  very  maiked  in  sponge,  caoutchouc,  cork, 
pith,  paper,  cloth,  etc.  Their 
volume  is  considerably  dimin- 
ished by  mere  pressure  be- 
tween the  fingers.  The  com- 
pressibility of  metals  is  proved 
by  the  impression  which  they 
receive  from  the  die,  in  the 
process  of  coinage.  There 
is,  in  most  cases,  a  limit 
beyond  which,  when  the 
pressure  is  increased,  sohds 
are  fractured  or  reduced  to 
powder. 

The  compressibility  of 
liquids  is  so  small  as  to  have 
remained  for  a  long  time  un- 
detected :  it  may,  however 
be  proved  by  experiment,  as 
will  be  seen  in  the  chapter 
on  Hydrostatics  (75). 

The  most  compressible 
bodies  are  gases,  which  by 
pressure  may  be  made  to 
occupy  ten,  twenty,  or  a 
hundred  times  less  space 
than  under  ordinary  circum- 
stances.   The  great  compressibility  of  gases  may  be  demonstrated 


Fig-  4- 
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by  means  of  a  glass  tube  with  very  thick  sides  closed  at  one 
end,  and  provided  with  a  tight-fitting  solid  piston  (fig.  4).  The 
enclosed  air  cannot  escape,  and  yet,  when  the  handle  of  the  piston 
is  pressed,  it  can  be  moved  down  to  one-half  to  three-quarters  the 
length  of  the  tube  ;  proving  that  the  volume  of  the  air  is  reduced 
necessarily  to  half  or  a  quarter  what  it  was  originally.  Most  gases, 
when  thus  compressed,  exhibit  a  remarkable  property,  to  which 
we  shall  afterwards  return,  that,  namely,  of  liquefying,  or  passing 
from  the  gaseous  to  the  liquid  state. 

12.  Elasticity. — Elasticity  is  the  property  which  bodies  possess 
of  resuming  their  original  form  or  volume,  when,  after  having  been 
compressed,  bent,  twisted,  or  pulled,  the  force  which  altered  them 
has  ceased  to  act. 

Four  kinds  of  elasticity  may  be  distingtiished  :  the  elasticity  by 
pressure,  as  in  the  case  of  gases  ;  the  elasticity  hy  flexure  or  bending, 
observed  in  springs  ;  the  elasticity  of  torsion  or  twisting,  which  is 
produced  in  linen  or  cotton  threads  when  they  are  untwisted  ;  and, 
finally,  the  elasticity  of  tension  or  stretching,  which  is  that  of  piano 
or  violin  strings  when  they  are  stretched. 

Whatever  be  the  kind  of  elasticity,  it  is  always  due  to  a  displace- 
ment of  the  molecules.  If  the  molecules  have  been  brought  nearer 
by  pressure,  heat  tends  to  separate  them  ;  if,  on  the  contrary,  they 
have  been  separated,  molecular  attraction  tends  to  bring  them 
near  each  other  again.  If  a  piece  of  whalebone  be  bent,  the  mole- 
cules in  the  concave  part  being  compressed  repel  each  other  ;  in 
the  convex  part,  where  they  are  separated,  they  tend  to  approach 
each  other  ;  both  these  actions  concur,  therefore,  in  straightening  it 
as  soon  as  it  is  free. 

Gases  and  liquids  are  perfectly  elastic  ;  in  other  words,  they 
regain  exactly  the  same  volume  when  the  pressure  becomes  the 
same.  Solid  bodies  present  different  degrees  of  elasticity,  though 
none  present  the  property  in  the  same  perfection  as  liquids  and 
gases,  and  in  all  of  them  it  varies  according  to  the  time  durmg 
which  the  body  has  been  exposed  to  pressure.  Caoutchouc,  ivory, 
glass,  and  marble  possess  considerable  elasticity  ;  lead,  clay,  and 

fats  scarcely  any.  ,  .  ,  , 

There  is  a  limit  to  the  elasticity  of  solids,  beyond  which  they 
either  break  or  are  incapable  of  regaining  their  original  form  and 
volume.  In  sprains,  for  instance,  the  elasticity  of  the  tendons  has 
been  exceeded  ;  this  is  also  the  case  when  glass  breaks.  In  gases 
and  liquids,  on  the  contrary,  no  such  limit  can  be  reached  ;  they 
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always  regain  their  original  volume,  when  the  original  condition  of 
pressure  is  restored. 

The  elasticity  of  solids  may  be  shown  by  the  following  ex- 
periment :— On  a  slab  of  polished  black  marble  thinly  smeared 
with  oil,  an  ivory  ball  is  allowed  to  drop  from  gradually  increasing 
heights.  Each  time  it  will  rebound  and  rise  to  a  height  a  little  less 
than  that  from  which  it  fell,  after  having  formed  on  the  layer  of  oil 
a  circular  impression  which  is  larger  the  greater  the  height  of  the 
fall  (fig.  s).  From  this  we  conclude  that  the  ball  was  flattened 
each  time,  and  that  it  rebounded  in  consequence  of  the  reaction  of 
its  compressed  molecules. 


4c> 


Fig.  6. 

13.  Applications  of  elasticity.— Numerous  applications  of 
the  property  of  elasticity  may  be  mentioned.  It  is  owing  to  their 
elasticity  that  corks  are  used  for  closing  bottles.  Pushed  into  the 
neck  by  the  exercise  of  a  certain  force,  they  become  compressed 
and  then,  their  elasticity  causing  them  to  press  against  the  sides' 
they  completely  close  the  neck. 

Children's  balls  depend  upon  the  elasticity  of  gas  :  they  are  made 
of  caoutchouc,  and  are  inflated  by  air;  when  they  strike  against  the 
ground,  or  against  a  wall,  their  volume  diminishes,  and  the  air  which 
they  contam  bcmg  suddenly  compressed,  expands,  and,  actincr  like 
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a  spring,  makes  the  ball  rebound.  A  similar  application  is  met 
with  in  air-cushions.  They  are  made  of  an  air-tight  material,  and 
being  inflated  by  air,  are  both  compressible  and  clastic,  and  thus 
form  a  very  soft  seat. 

The  use  of  carriage,  and  of  watch  and  clock  springs  depends 
upon  the  elasticity  of  steel.  In  like  manner  the  elasticity  of  wool, 
hair,  feathers,  is  made  use  of  in  mattresses,  pillows,  and  seats. 

The  letter-weight,  fig.  6,  the  construction  of  which  will  be  at 
once  understood,  is  an  application  of  the  elasticity  of  springs  ;  the 
dynamometer  (fig.  8)  also  depends  on  the  elasticity  of  a  steel  band. 

Lastly,  it  is  owing  to  their  elasticity  that  piano,  guitar,  or  violin 
strings  are  capable  of  being  put  into  a  vibratory  motion,  which, 
as  we  shall  show,  is  the  origin  of  the  sounds  which  stringed  instru- 
ments yield. 


CHAPTER  III. 
MOTION  AND  FORCE. 

14.  Rest  and  motion. — To  understand  what  we  have  to  say 
about  inertia,  weight,  universal  gravitation,  and  the  motion  of 
liquids  and  gases,  it  is  first  of  all  necessary  to  give  some  very 
elementary  notions  about  motion  and  force. 

A  body  is  said  to  be  at  r^J^,  when  it  remains  in  the  same  place; 
to  be  in  motion  when  it  passes  from  one  place  to  another.  Both 
rest  and  motion  are  either  absolute  or  relative. 

Absolute  rest  would  be  the  entire  absence  of  motion.  No  such 
condition,  however,  is  known  in  the  universe;  for  the  earth  and  the 
other  planets  rotate  both  about  the  sun  and  about  their  own  axes  ; 
and  therefore,  all  the  parts  composing  them  share  this  double 
motion.  Even  the  sun  itself  has  a  motion  of  rotation  which  ex- 
cludes the  idea  of  absolute  rest. 

Relative  or  apfiarettt  rest  is  the  condition  of  a  body  which 
appears  fixed  in  reference  to  surrounding  objects,  but  which  really 
shares  with  them  a  double  motion.  For  instance,  a  passenger  in  a 
railway  carriage  may  be  in  a  state  of  relative  rest  with  respect  to 
the  train  in  which  he  travels,  but  he  is  in  a  state  of  relative  motion 
with  respect  to  the  objects  (fields,  houses,  etc.)  past  which  the  train 
rushes.  These  houses,  etc.,  again  enjoy  merely  a  state  of  relative 
rest,  for  the  earth  itself  which  bears  them  is  in  a  state  of  incessant 
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relative  motion  with  respect  to  the  celestial  bodies  of  our  solar 
system. 

The  absolute  motion  of  this  passenger  would  be  that  measured 
in  regard  to  a  fixed  point  in  space,  which  cannot  be  reahsed,  for  we 
know  no  such  point.  In  short,  absolute  motion  and  rest  are  un- 
known to  us  ;  in  nature,  relative  motion  and  rest  are  alone  presented 
to  our  observation. 

15.  Different  kinds  of  motion. — Motion  is  either  rectilinear 
or  curvilinear  :  reclUincar  when  the  moving  body  travels  along  a 
straight  line,  as  when  a  body  falls  to  the  ground  ;  curvilinear  when 
it  goes  along  a  curved  line,  as  in  the  case  of  a  horse  turning  in  a 
mill. 

Each  kind  of  motion  is  either  tiniform  or  varied. 

16.  XTniform  motion  Motion  is  said  to  be  uniform  when  the 

moving  body  passes  over  equal  spaces  in  equal  intervals  of  time  : 
such,  for  instance,  as  the  motion  of  a  water-wheel  when  it  makes 
exactly  the  same  number  of  turns  in  a  minute.  Such,  again,  is  the 
motion  of  the  hand  of  a  watch.  A  regiment  of  soldiers  marching 
in  step  affords  a  further  example  of  uniform  motion. 

The  velocity  of  motion  is  the  space  traversed  in  a  given  time,  a 
second  or  an  hour,  for  example.  A  bullet,  which,  fired  from  a  gun, 
passes  through  1,200  feet  in  every  second,  is  said  to  have  a  velocity 
of  1,200  feet.  A  train  which  moves  thirty  miles  in  each  successive 
hour  is  said  to  have  a  velocity  of  thirty  miles  an  hour,  or  46  feet  in 
a  second. 

17.  Varied  motion. — Varied  motion  is  that  in  which  unequal 
spaces  are  traversed  in  equal  times.  If  the  spaces  traversed  in  the 
same  time  go  on  increasing,  the  motion  is  said  to  be  accelerated; 
such  is  the  motion  of  a  train  starting  from  a  station  ;  if  the  spaces 
decrease,  as  is  the  case  when  a  train  comes  into  a  station,  the 
motion  is  retarded. 

If  the  distances,  traversed  in  equal  times,  always  increase  by  the 
same  amount,  the  motion  is  said  to  be  uiiiformly  accelerated  ;  if, 
on  the  other  hand,  they  constantly  decrease  by  the  same  amount 
the  motion  is  uniforndy  retarded.  We  shall  soon  see  examples  of 
these  kinds  of  motion  in^the  case  of  faUing  bodies. 

18.  Inertia. — Inertia  is  a  purely  negative  property  of  matter  ; 
It  is  the  incapability  of  matter  to  change  its  own  state  of  motion  or 
of  rest. 

Daily  observation  shows  that  a  body  never  spontaneously  passes 
from  a  state  of  rest  into  one  of  motion.    Bodies  in  falling  to  the 
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«^round  seem  to  set  themselves  in  motion;  This  is,  however,  not  in 
consequence  of  any  inherent  property  ;  but,  as  we  shall  afterwards 
see,  because  they  are  acted  upon  by  the  force  of  gravity. 

Not  merely  do  bodies  at  rest  persist  in  a  state  of  rest,  but  bodies 
in  motion  continue  to  move.    This  principle  may  seem  less  obvious 
than  the  former,  because  we  are  accustomed  to  see  many  bodies 
crradually  move  more  slowly,  and  uUimately  stop,  as  is  the  case 
with  a  billiard-ball,  for  examplé.    But  this  is  not  due  to  any  inhe- 
rent preference  for  a  state  of  rest  on  the  part  of  the  biUiard-ball,  but 
because  the  motion  originally  imparted  to  it  is  impeded  by  the 
friction  of  the  cloth  on  which  it  rolls,  and  by  the  resistance  of  the 
air     The  smaller  these  resistances,  the  more  prolonged  is  its 
motion  •  as  is  observed,  for  instance,  if  a  ball  be  set  rolling  on  a 
smooth  sheet  of  ice.     If  all  impeding  causes,  such  as  friction 
against  the  supports  and  the  resistance  of  the  air,  were  removed,  a 
body  once  in  motion  would  continue  to  move  for  ever. 

1 9  Effects  due  to  inertia.— Innumerable  phenomena  may  be 
explained  bv  the  inertia  of  matter.  For  instance,  before  leaping 
a  ditch  we  run  towards  it,  in  order  that  the  motion  of  our  bodies 
at  the  time  of  leaping  may  add  itself  to  the  muscular  effort  then 

made.  .         .  . 

On  descending  carelessly  from  a  carriage  in  motion,  the  upper 
part  of  the  body  retains  its  motion,  whilst  the  feet  are  prevented 
from  doing  so  by  friction  against  the  ground  ;  the  consequence  is 
we  fall  towards  the  moving  carriage. 

If  a  man  in  running  strikes  his  foot  against  an  obstacle  he  is  apt 
to  fall  down  in  front,  because  the  rest  of  his  body  tends  to  retain 
he  motion  it  has  acquired.  When  a  horse  at  full  gallop  suddenly 
stops  if  the  rider  does  not  hold  fast  with  his  knees,  he  is  thrown 
over  [he  horse's  head,  in  virtue  of  his  inertia.  A  grindstone  only 
gradually  acquires  its  full  speed,  but  then  continues  its  movement 
even  after  the  force  has  ceased  to  act.  ,  .  ,    ^  . 

The  terrible  accidents  on  our  railways  are  chiefly  due  to  inertia. 
When  the  motion  of  the  engine  is  suddenly  arrested  the  carnages 
strive  to  continue  the  motion  they  had  acquired,  and  in  doing  so 
are  shattered  against  each  other. 

The  action  of  projectiles  is  another  case.     When  a  bullet 
trave  ses  a  wall,  or  cuts  a  tree  in  two,  it  is  owing  to  its  tendency  to 
etifn  the  velocity  which  the  explosion  of  the  powder  had  impar  ec 
tf  r  In  the  action  of  ha.mners,  and  of  pile-dnving,  we  ha^e 
analogous  cases. 
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The  actions  of  beating  a  coat  with  a  stick  to  expel  dust  ;  of 
shaking  the  snow  from  our  shoes  by  kicking  against  the  door-post  ; 
of  cleaning  a  dusty  book  by  striking  it  against  another,  all  depend 
upon  the  property  of  inertia.  The  hoop,  the  top,  and  other  toys  are 
further  illustrations. 

20  Forces,  powers,  resistances. — Bodies  being  of  themselves 
inert,  and  having  no  tendency  to  change  either  their  state  of  rest  or 
that  of  motion,  any  cause  capable  of  making  them  pass  from  a  state 
of  rest  to  one  of  motion,  or  conversely  from  a  state  of  motion  to 
one  of  rest,  is  called  a  force. 

The  attractions  and  repulsions  exerted  between  the  molecules 
of  bodies,  are  forces  ;  the  muscular  action  which  men  and  animals 
bring  into  play  is  a  force,  as  is  also  the  elasticity  of  gases  and 
vapours,  which  we  shall  subsequently  discuss. 

The  forces  which  tend  to  produce  motion  are  usually  called 
pocvers  ;  those  which  tend  to  destroy  motion  are  called  resistances. 
Thus,  when  a  man  drags  a  burden  along  the  ground,  his  muscular 
force  is  a  power,  while  the  friction  of  the  burden  against  the  ground 
is  a  resistance. 

Forces  of  the  kind  called  powers  are  always  tending  to  accelerate 
motion,  and  are  called  accelerating  forces.  Resistances,  on  the 
contrary,  always  tending  to  retard  it,  are  called  retarding  forces. 

21.  Friction — The  surfaces  of  bodies  are  never  perfectly 
smooth  ;  even  the  smoothest  possess  roughnesses  which  cannot  be 
detected  by  the  touch  or  by  ordinary  sight  ;  and  friction  consists 
in  the  fact  that  the  body  must  be  raised  over  these  obstacles  or 
must  break  them  down.  They  fit  in  each  other  like  toothed 
wheels. 

Friction  is  of  two  kinds  :  sliding,  in  which  one  iDody  slides o\t.\- 
another,  as  when  a  box  is  dragged  along  a  floor  ;  it  is  least  when 
the  two  surfaces  are  always  in  contact,  as  in  the  motion  of  an  axle 
in  its  bearing  ;  and  rolling  friction,  as  when  a  cylindrical  body 
moves  over  a  horizontal  surface  like  an  ordinary  wheel. 

Friction  is  lessened  by  rubljing  on  the  surfaces  in  contact  fatty 
materials  which  are  not  absorbed  by  them.  Moisture  and  oil  in- 
crease the  friction  of  wood,  for  they  are  absorbed  by  it,  while 
tallow,  soap,  and  black  lead  lessen  it.  Oil  and  lard  lessen  the 
friction  of  metallic  surfaces.  Rolling  friction  is  less  than  sliding 
friction,  hence  the  use  of  castors  on  pianos  and  other  heavy  furnT- 
turc.  It  is  sometimes  desirable  to  increase  friction,  as  when  ashes 
are  strewn  on  ice  ;  again,  rolling  is  sometimes  changed  into  slidin"- 
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friction,  in  order  to  increase  it,  as  when  a  drag  is  applied  to  a  wheel. 
The  friction  of  carriage-wheels  is  less,  the  greater  the  diameter  of 
the  wlieel  and  the  less  that  of  the  axle. 

Without  friction  on  the  ground  neither  man  nor  animals, 
neither  ordinary  carriages  nor  railway  ones,  could  move  ;  without 
it  no  book  would  remain  on  a  desk,  and  without  it  we  could  hold 
nothing  in  the  hands. 

Gases  also,  and  still  more  liciuids,  offer  resistance  to  motion. 
If  it  were  not  for  the  resistance  offered  by  the  air,  a  hailstone  half 
an  inch  in  diameter  falling  from  a  height  of  a  mile,  would  have  a 
velocity  of  over  400  feet  in  a  second,  whereas  its  velocity  is  not 
probably  more  than  one-twelfth  of  this  amount. 

22.  Distinctive  characters  of  forces.— Three  things  are  to  be 
distinguished  in  each  force  ;  the  point  of  application,  the  direction, 
and  the  intensity. 

The  point  of  application  of  a  fo)-ce  is  the  point  at  which  it  e.xerts 
its  action.  Having  attached  a  cord  to  a  sledge,  as  shown  in  fig.  7, 
the  point  of  apphcation  is  the  point  A,  at  which  the  cord  is  actually 
attached. 

The  direction  of  a  force  is  the  right  line  along  which  it  urges 
or  tends  to  urge  the  point  of  application.  In  fig.  7  the  cord  A  B 
represents  the  direction  of  the  force. 

The  intensity  of  a  force  is  its  energy,  its  magnitude,  or  value, 
in  reference  to  a  certain  standard.    In  fig.  7,  which  represents  a 


horse  drawing  a  cask  on  a  sledge,  a  certain  exertion  of  force  is 
required  on  the  part  of  the  horse  ;  if  the  sledge  were  loaded  twice 
or  thrice  as  much,  the  force  required  must  be  twice  or  thrice  as 
great. 


Fig.  7. 
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23.  measurement  of  force.  Dynamometer. — The  force 
which  ;i  motor  (32)  developes  in  pushing  or  drawing  a  body  is 
measured  by  the  number  of  pounds  necessary  to  produce  the  same 
pressure  or  the  same  pull  ;  so  that  a  force  is  said  to  be  a  force  of 
40  or  50  pounds,  when  it  can  be  replaced  by  the  action  of  a  weight 
of  40  or  50  pounds. 

The  weight  which  thus  represents  the  intensity  of  a  force  is 
determined  by  means  of  the  dyniamotneter.  There  are  several 
forms  of  this  instrument,  one  of  the  simplest  being  that  represented 
in  fig.  8.  It  consists  of  a  V-shaped  plate  of  tempered  steel,  AB.  At 
one  end  of  the  arm  B  is  fixed  an  iron  arc,  n,  which  passes  freely 
through  an  aperture  at  the  end  of  the  arm  A.  To  this  latter  is 
fixed  an  arc,  in,  fitting  in  the  same  manner  in  the  arm  B.'  The  arc 


Fig.  8.  r,- 

*  Fig.  9. 

ni  is  provided  at  the  end  with  a  crook,  and//  with  a  ring,  and  on  the 
latter,  n,  there  is  a  graduation  obtained  in  the  following  manner 

The  apparatus  being  fi.xed  to  a  resisting  support,  weights  of  i,  2, 
3,  4,  or  more  pounds  are  successively  suspended  to  the  crook.  The 
arm  B,  supported  by  the  arc  n,  remains  fixed,  while  the  arm  A, 
bemg  moved  by  the  weight  attached  to  the  arc  is  lowered  to  an 
extent  dependent  on  the  weight.  The  load  is  gradually  increased 
until  It  has  reached  the  utmost  limit  possible  without  breaking,  cave 
being  taken  at  each  load  to  mark  a  line  on  the  arc  n  at  the  point 
at  which  the  arm  A  stops. 

In  order  to  apply  it  to  the  measurement  of  forccs-to  estimate 
for  instance,  the  effort  necessary  to  drag  a  load  (fig.  9)-the  crook 

c 
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of  the  arc  m  is  fixeti  to  the  load,  then  holding  in  the  hand  the  ring 
of  the  arc  7i  it  is  pulled  until  the  load  is  moved.  The  bending  of 
the  arm  A  marks  on  the  arc  n  the  value  in  pounds  of  the  effort  of 
traction. 

The  apparatus  described  is  also  used  instead  of  a  balance  to 
determine  the  weight  of  bodies,  and  is  known  as  the  steelyard. 

When  forces  are  once  measured  or  expressed  as  weights,  they 
may  be  represented  as  to  their  intensity  by  means  of  a  line  which 
indicates  their  direction.  For  this  purpose  a  length  is  measured  oft 
on  this  line,  starting  from  the  point  of  application,  which  contains 
the  unit  of  length  as  many  times  as  the  intensity  of  the  force  con- 
tains pounds.  Thus,  if  in  fig.  7  the  effort  of  traction  is  15  pounds, 
a  length,  AB,  would  be  measured  from  A  equal  to  15  times  the  unit 
of  length,  which  may  be  an  inch  for  distance.  Thus  the  work  of 
the  horse  in  drawing  the  sledge  would  be  represented  both  in 
direction  and  intensity  by  the  line  AB. 

24.  Resultant  and  component  forces,— When  a  body  is  acted 
upon  by  only  a  single  force,  it  is  clear  that,  if  it  is  not  hindered  by 


•Fig.  10. 

any  obstacle,  it  will  move  in  the  direction  of  this  force  ;  but  if  it  is 
Simultaneously  acted  upon  by  several  forces  in  different  directions, 
its  direction  will  not,  speaking  generally,  coincide  with  that  of  any 
one  of  these  forces.  If  two  men,  for  example,  on  the  opposite 
banks  of  a  river,  tow  a  boat  by  means  of  ropes,  as  shown  m  fig.  10, 
the  boat  follows  neither  the  direction  AB,  nor  the  direction  AC,  m 
-vhich  these  men  are  respectively  pulling,  but  takes  an  intermediate 
direction,  AE  ;  that  is,  it  moves  as  if  it  were  acted  upon  by  a  smgle 
force  in  the  direction  AE. 


-25] 


Parallelogram  of  Forces. 


19 

As  the  single  force,  which  we  conceive  as  having  the  direction 
AE,  produces  the  same  effect  as  the  forces  of  traction  of  these 
two  men,  it  is  called  the  resultant  of  these  two  forces  ;  and  con- 
versely these,  in  reference  to  their  resultant,  are  spoken  of  as  the 
components. 

25.  Value  of  the  resultant  of  two  concurring  forces.  Paral- 
lelogram of  forces.— When  two  forces  having  different  directions 
are  applied  to  the  same  point 

of  a  body,  as  represented   \  ^ 

in  fig.  10,  there  is  a  very 
simple  ratio  between  their 
intensities  and  that  of  their 
resultant,  which  is  of  great 
importance  from  the  number 
of  its  applications. 

It  wiU  first  of  all  be  necessary  to  define  the  word  parallelogram, 
of  wh.ch  ^ve  shall  make  use.  The  parallelogram  is  a  geometrical 
figure,  formed  of  four  right  lines,  each  pair  of  which  is  parallel 
hÏV' A  ^'  ^'ï  lines  AB  and  DC  are  parallel,  and  also 
the  hnes  AD  and  BC.    These  lines  form  the  sides  of  the  paral- 


Fig-  12. 


lelogram,  and  the  points  A  B  r  n  /  t^, 

is  the  line         Ar  •  '    '    '    '  ^'"^  ^'^^  diai^onal 

tne  1  ne,  l,ke  AC,  jommg  two  opposite  angles  A  and  C 

treatises  on  mechanics,  proofs  are  given  of  the  following 
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important  theorem,  which  is  known  as  the  principle  of  the  paral- 
lelogram of  forces  : 

When  two  forces  applied  at  the  same  point  A  (fig.  1 2)  are  repre- 
sented, in  direction  and  in  intensity,  by  the  sides  AB  and  AD  of 
the  parallelogram  ABCD,  their  resultant  is  represented  both  as 
to  its  direction  and  intensity  by  the  diagonal  AC  of  this  parallelo- 
gram. 

That  is,  that  the  point  A  being  simultaneously  acted  upon  by  two 
forces,  whose  directions  and  intensities  are  respectively  represented 
by  AB  and  AD  ;  this  point  moves  in  the  direction  AC  exactly  as 
if  it  were  acted  upon  by  a  single  force,  the  direction  and  intensity 
of  which  are  represented  by  the  line  AC. 


Fig.  13. 


Frequent  applications  are  met  with  of  the  principle  of  the  paral- 
lelogram of  forces.  Thus,  in  the  flight  of  a  bird,  when  the  wings 
strike  against  the  air,  a  resistance  is  offered  which  is  equal  to 
impulsive  forces  from  back  to  front  in  the  directions  AH  and  AK 
(fig.  13);  hence,  representing  by  AB  and  AD  the  intensities  and 
directions  of  these  impulsive  forces,  if  the  parallelogram  be  com- 
pleted, we  shall  find  that  the  resultant,  or  the  single  force  which 
makes  the  bird  advance,  is  represented  in  direction  and  magnitude 
by  the  diagonal  AC.  The  same  reasoning  applies  to  the  swimming 
both  of  men  and  of  fishes. 
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26.  Another  effect  of  the  parallelog-rara  of  forces — ^We  have 
seen  that,  in  accordance  with  the  principle  of  the  parallelogram  of 
forces,  two  forces  applied  at  the  same  point  of  a  body  may  be  re- 
duced to  a  single  one.  By  the  aid  of  the  same  principle  a  single 
force  applied  to  a  body  may  be  considered  to  be  replaced  by  two 
other  forces  producing  together  the  same  effect  as  the  first.  This 
force  is  then  said  to  be  decomposed  into  two  others. 

It  is  but  seldom  indeed  that  the  action  of  a  force  is  entirely 
utilised  ;  it  may  almost  always  be  considered  as  decomposed  into 
two  others,  only  one  of  which  produces  a  useful  effect.  Thus  when 
the  wind  blows  against  the  sails  of  a  vessel,  not  quite  directly,  but 
a  little  on  one  side,  as  shown  in  fig.  14,  the  effect  of  the  wind  in 
the  direction  va  may  be  considered  to  be  resolved  into  two  others, 


Fig.  14. 


one  in  the  direction  ca,  and  the  other  in  a  lateral  direction  ba^  of 
which  the  first  moves  the  vessel.    The  second  only  guides  it. 

27.  Case  in  which  the  forces  are  parallel.  Value  of  the 
resultant.— In  the  case  of  the  boat  drawn  by  a  rope  (fig.- 10),  the 
forces  were  concurrent,  that  is,  their  directions  if  produced  would 
meet  in  one  point  ;  but  it  may  happen  that  the  forces  applied  to 
the  same  body  are  parallel,  and  then  two  cases  present  themselves  ; 
that  is,  they  either  act  in  the  same  direction  as  in  the  case  of  two 
horses  drawing  a  carriage  ;  or  they  may  act  in  opposite  directions, 
when  a  steamer  for  instance  ascends  the  river,  the  current  acts  in 
opposition  to  the  force  which  urges  the  steamer.  It  can  be  proved 
that,  in  the  first  case,  the  resultant  of  the  forces  is  equal  to  their 
sum  ;  and  that  in  the  second  it  is  equal  to  their  difference. 

Thus,  if  the  speed  of  a  Rhine  steamer  is  10  miles  an  hour,  and 
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the  velocity  of  the  current  is  2^  miles  an  hour,  then  the  steamer 
will  go  with  the  current  at  the  rate  of  \2\  miles,  and  against  it  at 
the  rate  o{^\  miles  an  hour. 

28.  Equilibrium  of  forces. — When  several  forces  act  upon  a 
body  at  the  same  time,  they  do  not  always  put  it  in  motion  ;  it  may 
happen  that  while  some  of  these  forces  tend  to  produce  motion  in  a 
certain  direction,  the  others  tend  to  produce  an  equal  and  contrary 
motion  in  the  opposite  direction.  It  is  clear  that  in  this  case,  since 
the  forces  just  neutralise  each  other,  no  effect  can  be  produced. 
Whenever  several  forces  applied  to  the  same  body  thus  mutually 
destroy  each  other,  we  have  what  is  called  eqiiilibriwn. 

The  simplest  case  of  equilibrium  is  that  of  two  equal  and  op- 
posite forces  applied  at  the  same  point  of  a  body.  For  instance, 
if  two  men  pull  at  a  cord  with  the  same  intensity,  one  in  one  direc- 
tion, and  the  other  in  the  opposite  one,  equilibrium  will  be  produced 
(tig.  15).    In  like  manner  if,  in  a  well,  two  buckets  of  the  same 


Fig.  15- 

size,  each  full  of  water,  are  suspended  at  the  end  of  a  rope  which 
passes  round  a  pulley,  the  weight  of  one  holds  the  other  in  equi- 
librium. 

The  bodies  which  we  consider  ordinarily  to  be  in  a  state  of  rest, 
are  really  in  a  state  of  equilibrium.  For  instance,  when  a  body 
rests  on  a  table,  there  is  equilibrium  between  the  force  of  gra%àty, 
which  tends  to  make  the  body  fall,  and  the  resistance  which  the 
table  offers  to  the  fall.  If  the  weight  of  the  body  exceeds  this 
resistance,  equilibrium  is  destroyed,  the  table  is  broken,  and  the 
body  falls. 

oc,  centrifugal  force.— The  force  to  which  curvilinear  motion, 
or  motion  in  a  circle,  is  due,  is  called  centrifugal  force.  It  may 
be  explained  as  follows.  Whenever  a  body  has  been  put  in  motion 
in  a  particular  direction,  owing  to  its  inertia,  it  tends  always  to 
move  in  this  direction.  Hence  whenever  a  body  is  seen  to  move 
in  a  circle,  this  can  only  be  due  to  some  obstacle,  or  some  new 
ïorce  which  deviates  it.    In  fact,  since  a  curved  line  may  be 
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considered  to  consist  of  a  series  of  infinitely  small  straight  lines, 
the  moving  body,  owing  to  its  inertia,  always  strives  to  follow  the 
prolongation  of  the  small  straight  line  which  it  traverses  at  any 
given  moment.  It  tends  then  to  retain  its  motion  in  a  straight 
line,  and  to  fly  from  the  curve  which  it  is  compelled  to  describe. 
This  action  is  called  the  ccntrifiigtl  force,  from  two  Latin  words 
which  signify  to  fly  from  the  centre. 


Fig.  16. 


The  production  of  centrifugal  force  in  circular  motion  may  be 
demonstrated  by  means  of  the  apparatus  represented  in  fig.  16. 
On  a  brass  frame  AB  is  stretched  a  stout  brass  wire,  on  which  are 
slid  two  ivory  balls  which  can  move  freely  along  the  wire  :  the  ba)ls 
being  arranged  as  shown  in  the  figure,  the  frame  is  rapidly  rotated 
by  means  of  the  turning-tabll  The  balls,  projected  by  the  centri- 
fugal force,  glide  along  the  wire  ;  and  strike  the  ends  with  the 
greater  force,  the  greater  the  velocity  of  rotation. 
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30.  Effects  of  centrifugal  force.— The  centrifugal  force  is 
greater  the  greater  the  velocity,  and  the  more  marked  the  curvature 
of  the  line  along  which  the  movable  body  passes.  Hence  railways 
should  be  as  straight  as  possible,  for,  since  the  trains  have  a  great 
velocity,  as  they  move  along  a  curve  the  centrifugal  force  is  con- 
tinually tending  to  throw  them  off,  and  the  more  so  the  shai-per  the 
curve. 

It  is  owing  to  centrifugal  force  that  the  wheels  of  a  carriage 
moving  along  a  muddy  road  throw  off  the  mud  that  adheres  to  the 
rim.  In  a  cincus,  the  horses  and  their  riders  always  incline  their 
bodies  towards  the  centre,  and  the  greater  the  speed  the  greater  their 
inclination.  The  object  of  this  is  to  allow  their  weight  to  counteract 
the  influence  of  the  centrifugal  force  which  would  throw  them  off  it 
they  stood  upright. 

In  sugar  refineries,  centrifugal  force  is  applied  in  removing  syrup 
from  crystallised  sugar.  The  sugar  is  placed  in  a  cylindrical  ves- 
sel, whose  sides  are  made  of  wire  gauze,  and  which  is  put  in  rapid 
rotation.  The  centrifugal  force  scatters  the  coloured  syrup  through 
the  meshes  of  the  sieve,  while  the  solid  crystals  are  left  behind 
colourless  and  pure.  The  same  principle  is  applied  in  drying 
clothes  in  large  washing  establishments.  A  wet  mop  made  to  turn 
quickly  about  its  own  handle  as  an  axis  throws  the  water  off  on  all 
sides,  and  cjuickly  dries  itself. 

A  hoop  trundled  along  the  ground  may  move  for  a  long  time 
before  falling  ;  but  if  we  attempt  to  keep  it  upright  while  in  a  state 
of  rest,  it  at  once  falls.  The  reason  of  this  is  that,  while  in  motion, 
if  it  inclines  to  one  side,  the'  inclination  causes  it  to  describe  a 
curved  line,  whence  arises  a  centrifugal  force  which  opposes  the 
-  fall  of  the  hoop,  at  any  rate  so  long  as  it  retains  a  sufficient 
velocity. 

31.  Flattening  of  the  earth  at  the  poles.— One  of  the  most 
remarkable  effects  of  centrifugal  force  is  the  flattening  of  the  earth 
at  the  two  poles.  To  explain  this  phenomena  we  must  premise 
that  the  earth,  which  is  neariy  spherical  in  form,  rotates  about  an 
imaginarv  axis  passing  through  its  two  poles,  and  that,  in  this  ro- 
tation all  points  on  the  surface  have  not  the  same  velocity,  seeing 
that  they  do  not  describe  the  same  paths  in  the  same  time.  For, 
at  the  equator,  they  describe  every  twenty-four  hours  a  circumfer- 
ence equal  to  that  of  the  earth  ;  on  the  other  hand,  pomts  taken  at 
increasing  distances  from  the  equator  gradually  describe  smaller  and 
smaller  circles,  while  points  at  the  poles  have  no  such  motion. 
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Hence,  owing  to  the  daily  rotation  about  the  earth's  axis,a  centrifuo-al 
force  is  produced  which  is  greatest  at  the  equator,  and  gradually 
diminishes  up  to  the  poles,  where  there  is  none  at  all.  Owing  to  this 
mequality  in  the  intensity  of  the  centrifugal  force,  there  must  arise 
an  accumulation  of  matter  about  the  equator,  especially  if  as 
geologists  assume,  the  earth  was  originally  ' 
in  a  state  of  fusion. 

It  has,  in  fact,  been  ascertained  by  di- 
rect measurement  that  the  radius  of  the 
earth  at  the  poles  is  less  than  that  at  the 
equator  by  about  the  latter,  or  131 
miles.  A  similar  flattening  has  been  ob^ 
served  in  other  planets. 

To  demonstrate  this  bulging  at  the 
equator  and  flattening  at  the  poles,  use  is 
made  of  the  apparatus  represented  in 
fig-  17-    It  consists  of  an  iron  rod,  which 
may  be  fixed  upon  the  turning-table,  in- 
stead of  the  piece  AB  (fig.  16).    At'  the 
bottom  of  the  rod  are  fixed  four  thin 
elastic  metal  plates,  which  are  joined  at  the  top  to  a  rin^  which 
an  shde  up  and  down  the  rod.    The  apparatus  bemg  then  m 
rapid  rotation,  the  rings  slide  down  L  rod,  as  rfp  esenfed 
the  figure,  to  an  extent  depending  on  the  rapidit^  of  the^" "  on 


LEVERS. 


treai^rîoTc'ir.^^^-of  m::r*'^'r'^"'"'"^^  which 

cutting  an  apple  wid/a  ki  if     he  h^nd  '  H "  ^  ^" 
which  transn'ts  its  action  is  â  mac^me   '  A  t'^T'  '"'^ 
a  .notor,  and  the  cart  which  ufc^e  for  e  of  th'T'"''  '  " 
veying  loads  is  a  machine    The  vv^te  I 
the  wind  which  turns  a  m  i  1  ^^j;^''^^^'^°">-se  which  works  awheel, 

^ivc,  are  all  mo  Ô  s    an     V  ^'T'  ^^''^''^'^  l°^«'^o- 

iocomotive  are  a,?  m^ehi-nes     ^""'''-^''^^'^  ^^e  wind-mill,  and  the 

Machines  do  not  increase  the  force  of  a  n.otor.  The  useful  effect 
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of  a  machine  can  never  exceed  that  of  the  mechanical  force  applied 
to  it  ;  whatever  is  apparently  gained  in  force  by  a  machine  is  lost 
in  distance  or  in  time  ;  by  modifying  the  action  of  the  power,"  how- 
ever, they  render  it  capable  of  performing  work  which  it  alone  could 
not  do.  For  instance,  by  the  aid  of  lever,  a  man  can  raise  burdens, 
which,  without  such  help,  would  be  quite  impossible.  We  shall 
only  describe  here  the  lever,  the  simplest  of  all  machines,  and 
shall  afterwards  see  its  action  in  the  case  of  balances. 

33.  Iievers. — A  lever  is  a  rigid  bar  of  wood  or  of  metal  move- 
able about  a  fixed  point  or  edge  called  the  fulcrnjn  ;  and  subject  to 
the  action  of  two  forces  which  tend  to  move  it  in  opposite  direc- 
tions. The  force  which  acts  as  motor  is  called  the  power,  and  the 
other  the  resistance.  Levers  are  divided  into  three  classes,  accord- 
ing to  the  different  positions  of  the  power,  and  resistance,  in  refer- 
ence to  the  fulcrum. 


Fig.  18. 


A  lever  of  the  first  kind  \s  one  in  which  the  fulcrum  is  between 
the  power  and  the  resistance.  Fig.  J  8  represents  one  of  this  kind, 
in  which  the  hand  is  the  power,  the  weight  P  the  resistance,  while 
C  is  the  fulcrum. 

A  lever  of  the  second  kind  has  the  resistance  between  the  power 
and  the  fulcrum  as  in  fig.  19. 

A  lever  of  the  third  kind  is  one  in  which  the  power  is  applied 
between  the  resistance  and  the  fulcrum,  as  represented  in  fig.  20. 

In  these  different  kinds  of  levers,  the  distances  from  the  fulcnmi 
to  the  power  and  to  the  resistance  arc  called  the  arms  of  the  lever. 
In  fig.  19,  for  instance,  the  arm  of  the  power  is  che  distance  from  C 
to  .B,  and  that  from  C  to  A  is  the  arm  of  the  resistance. 

34.  Effect  of  levers.  Condition  of  equilibrium— It  maybe 
shown  that  the  effect  produced  by  a  force  by  means  of  a  lever  in- 
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creases  with  the  length  of  the  arm  upon  which  it  acts,  that  is,  if  tlie 
arm  is  twice,  thrice,  or  four  times  as  long,  the  useful  effect  is  two 


Fig.  19. 


thiriiJe  v""  "Tf  '^^'^  ''^  ^^h'-^t       Archimedes  to  stv 

that,  g,ve  hmi  a  fulcrum,  and  he  would  lift  the  world.  ^ 
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Since  a  force  produces  a  greater  effect  the  longer  the  arm  of  the 
lever,  it  follows  that  in  order  to  produce  equilibrium  between  the 
power  and  the  resistance,  acting  at  the  same  time  on  a  lever,  if  the 
arms  are  equal,  tJie  two  forces  themselves  must  be  equal,  arid  that  if 
the  arms  of  the  lever  are  unequal,  the  two  forces  must  be  inversely 
as  the  arms  of  the  levé?'  ;  thus,  if  the  power  is  one-third  that  of  the 
resistance,  the  arm  of  the  power  should  be  three  times  as  long  as 
that  of  the  resistance. 

In  a  lever  of  the  third  kind  the  power  must  be  always  greater 
than  the  resistance,  for  the  distance  of  the  resistance  P  from  the 
fulcrum  AG,  (fig.  20)  is  always  greater  than  the  distance  BC  from 
the  power  B  to  the  fulcrum.  In  a  lever  of  the  second  kind  the  power 
is  always  smaller  than  the  resistance,  for  the  arm  BC  is  longer  than 
the  arm  AC  (fig.  19).  These  properties  are  expressed  by  saying 
that,  in  a  lever  of  the  third  kind  there  is  a  loss  of  power,  and  in  one 
of  the  second  kind  a  gain.  In  a  lever  of  the  first  kind  there  maybe 
cither  gain  or  loss,  or  they  must  just  balance  each  other,  for  the 
arm  BC  of  the  power  (fig.  18)  may  be  either  greater,  or  less,  than, 
or  equal  to,  the  arm  AC. 

35.  Various  applications  of  levers. — Numerous  applications 

of  the  different  kinds  of 
levers  are  met  with  in 
articles  of  every-day  use. 
The  ordinary  balance 
(fig.  35)  is  a  lever  of  the 
Fig.  21.  first  kind,  as   is  also  a 

pump  handle.  Scissors  are  another  instance  ;  each  handle  is  a 
lever,  the  fulcrum  of  which  is  the  pivot  C,  the  power  is  the  hand, 
and  the  resistance  is  the  material  to  be  cut  (fig.  21). 

As  levers  of  the  second  class  may  be  enumerated  the  oars  of  a 
boat  ;  the  resistance  of  the  water  to  the  motion  of  the  feather  of 

the  oar  represents  the  ful- 
crum, the  hand  of  the  oars- 
man is  the  power,  and  the 
boat,  or  rather  the  water  it 
displaces,  is  the  resistance. 
The  knife  fixed  at  one  end 
and  used  in  slicing  roots,  or  cutting  bread,  is  a  lever  of  the  second 
kind.  Nutcrackers  (fig.  22)  afford  a  third  illustration,  as  also  does 
the  common  wheelbarrow. 

When  two  porters  carry  on  a  pole  a  load  placed  midway  be- 


Fig. 
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tween  them,  ihey  share  it  equally,  that  is,  each  bears  half,  for  the 
pole  becomes  a  lever,  of  which  each  porter  is  a  fulcrum  as  regards 
the  other  ;  but  if  the  load  be  nearer  one  than  the  other,  he  to  whom 
it  is  nearer  bears  proportionally  more  of  its  weight. 

The  consideration  of  this  kind  of  lever  explains  why  a  finger, 
caught  near  the  hinge  of  a  shutting  door,  is  so  severely  crushed. 

The  third  kind  of  lever  is  less  frequently  met  with.  The  pedals 
used  in  pianos  and  in  grindstones  are  instances.  In  the  latter  case 
the  pedal  consists  of  a  wooden  board  AC  (fig.  23)  forming  a  lever. 


Fig.  23. 


The  fulcrum  is  at  C  on  a  bolt  fixed  to  the  frame  ;  the  power  is  the 
foot  of  the  man  turning,  and  the  resistance,  which  is  the  motion  to 
be  transmitted  to  the  wheel,  is  applied  at  A  by  means  of  a  rod  joined 
to  a  crank  in  the  centre  of  the  stone. 

In  the  common  fire-tongs  each  leg  is  a  lever  of  the  third  kind. 
The  hand  of  a  man  pushing  open  a  gate  while  standing  near  the 
hinges  moves  through  much  less  space  than  the  end  of  the  gate, 
and  must  exert,  therefore,  a  proportionally  greater  force. 
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The  most  beautiful  and  numerous  instances  are  met  with  in  the 
muscular  system  of  men  and  animals,  almost  all  motions  of  which 
are  effected  by  this  mechanism. 


CHAPTER  IV. 

GRAVITATION. 

36.  iTniversal  attraction — It  is  stated  that  Newton,  sitting  one 
day  in  his  garden  and  seeing  an  apple  fall  from  a  tree,  was  led  by 
this  circumstance  to  reflect  upon  the  cause  why  bodies  fell  to  the 
ground,  and  ultimately  to  the  discovery  of  the  important  laws 
which  govern  the  motion  of  the  earth  and  of  the  stars. 

They  may  be  thus  stated  : 

1.  All  bodies  in  nature  exert  a  mutual  attraction  upon  each 
other  at  all  distances,  in  virtue  of  which  they  are  contimially 
tending  towards  each  other. 

2.  For  the  same  distance  the  attractions  betwee/i  bodies  are  pro- 
portional to  their  inasses. 

■\.  The  masses  being  equal,  the  attraction  varies  with  the  distance 
being  inversely  proportional  to  the  square  of  the  distances  asunder 

To  illustrate  this,  we  may  take  the  case  of  two  spheres,  which 
attract  each  other  just  as  if  their  masses  were  concentrated  in  their 
centres.  If  without  other  alteration  the  mass  of  one  sphere  were 
doubled,  trebled,  etc.,  the  attraction  between  them  would  be 
doubled,  trebled,  etc.  If,  however,  the  mass  of  one  sphere  being 
doubled,  that  of  the  other  were  increased  three  times,  the  distance 
between  their  centres  remaining  the  same,  the  attraction  would  be 
increased  six  times.  Lastly,  if,  without  altering  their  masses,  the 
distance  between  their  centres  were  increased  from  i  to  2,  3,  4,  .  .  . 
units,  the  attraction  would  be  diminished  to  the  4th,  9th,  i6th  .  .  . 
part  of  its  former  intensity. 

37.  Gravitation. — The  term  gravitation  is  applied  more 
especially  to  the  attraction  exerted  between  the  heavenly  bodies. 
The  sun,  being  that  member  of  our  planetary  system  which  has  the 
largest  mass,  exerts  also  the  greatest  attraction,  from  which  it 
might  seem  that  the  earth  and  the  other  planets  ought  to  fall  into 
the  sun  in  virtue  of  this  attraction.    This  would  indeed  be  the  case, 
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if  they  were  only  acted  upon  by  the  force  of  gravitation  ;  but,  owing 
to  their  inertia,  the  original  impulse,  which  they  once  received,  con'^ 
stantly  tends  to  carry  them  away  from  the  sun  in  a  straight'  hne. 
The  resultant  of  this  acquired  velocity,  and  of  the  force  of  gravi- 
tation, makes  the  planets  describe  curves  about  the  sun  which  are 
almost  circular,  and  are  called  their  orbits. 

38.  Gravity.— This  is  the  force  in  virtue  of  which  bodies  >// 
when  they  are  no  longer  supported,  that  is,  tend  towards  the 
centre  of  the  earth.  It  is  a  particula7-  case  of  universal  attraction  • 
and  IS  due  to  the  reciprocal  attraction  exerted  between  the  earth 
and  bodies  placed  on  its  surface  ;  it  acts  equally  upon  all  bodies 
whether  they  are  at  rest  or  in  motion  ;  whether  they  are  solids' 
liquids,  or  gases.  Some  bodies,  such  as  clouds  and  smoke  appear 
not  to  be  influenced  by  this  force,  for  they  rise  in  the  atmosphere 
instead  of  sinking  ;  yet  this,  as  will  afterwards  be  seen,  is  no  exceo 
tion  to  the  action  of  gravity  (152). 

Gravity,  being  a  particular  case  of  universal  attraction,  acts 
upon  bodies  proportionally  to  their  mass  and  inversely  as  the  square 
of  theu  distance  ;  that  is,  a  body  which  contains  twice  or  thrice  ns 
much  matter  as  another,  is  attracted  by  the  earth  with  a  twofold  o 
threefold  force  ;  or,  in  other  words,  weighs  twice  or  thrice  as  much  , 
In  hke  manner  if  one  and  the  same  body  could  be  moved  toTwÏe 
or  thrice  its  present  distance  from  the  centre  of  the  earth,  i  wo'dd 
have  one-fourth  or  one-ninth  of  its  present  weight  ;  we  say  the  . 
and  not  the.../...of  the  earth,  for  it  is  demonstrated  i^ti-  atis^^  o^^ 
^echanics  that  the  attractive  force  of  the  earth  which  causes 
bodies  to  fall  must  be  calculated  from  its  centre 

mile?  all  ioHi"'^"'':' "V""'  ''"''^  '^'''-'^     '-^bo^t  4,000 

.les,  all  bodies  on  its  surface  may  be  considered  to  be  virtuaîv  at 
h   sa      distance  from  the  centre,  and  we  may  therefore  con 
that^their  difference  ,n  weight  is  merely  due  to  their  difference  in 


mass 
3 


Boif  "^^r  ^^'^"^^      ^  """^  increases  from  the  equator  to  the 

^^rZ'J^  -agmtudeof  the  force  which  makes  bodies  fall  ,s  noî 
exactly  the  same  at  all  points  of  the  earth's  surface     Tu-n  V 
make  it  increase  from  the  equator  to  the  noles    H^p  H  M 
of  the  earth  about  its  axis,  an'd  the  Si,  ting  a  the  pots'  'TT 

~^s^:;:-::-™-4^^^^^ 

or.ravit,  Hencc^LdS  ^J^^l^i^Œ'^^orCt^lTf^'-^^ 
■n  opposite  directions:  the  fbrce  of  gkvit;^:^;  I^;:  ^m 
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towards  the  centre,  and  the  centrifugal  force,  which  tends  to  drive 
them  away  from  it.  So  tliat  it  is  really  the  excess  of  the  first  force 
over  the  second  which  makes  bodies  fall.  But  as  the  centrifugal 
force  decreases  from  the  equator  to  the  poles  (31),  the  excess  of 
gi-avity  over  this  force  becomes  greater,  and  thus  the  weights  of 
bodies  increase  as  they  come  nearer  the  poles. 

The  flattening  of  the  earth  concurs  in  producing  the  same  effect  ; 
for,  in  consequence  of  it,  bodies  placed  on  the  surface  of  the  earth 
are  nearer  the  centre  at  the  poles  than  they  are  at  the  equator,  and 
are  therefore  more  attracted.  It  must  be  added,  that  the  increase 
in  weight  due  to  the  joint  effect  of  these  two  causes  is  very  small  ; 
it  cannot  be  detected  by  ordinary  balances,  for  gravity  would  act 
both  on  the  weight  and  on  the  body  to  be  weighed.  A  body  sus- 
pended, however,  to  a  delicate  spring  balance,  would  indicate 
slightly  different  weights,  according  as  it  was  nearer  or  further 
from  the  poles. 

40.  Vertical  and  horizontal  lines. — At  any  point  of  the  earth's 
surface,  the  direction  of  gravity,  that  is,  the  hne  which  a  falling 


Fig.  24. 


body  describes,  is  called  the  vertical  line.  The  vertical  lines  drawn 
at  different  points  of  the  earth's  surface  converge  very  nearly 
to  the  earth's  centre.  Hence,  owing  to  the  great  distance  from 
the  surface  of  the  earth  to  its  centre,  for  points  on  the  surface  and 
b  (fig.  24),  not  far  apart,  these  verticals  may  be  assumed  to  be 
parallel  ;  but  they  are  less  parallel  the  further  apart  the  points,  as 
shown  by  the  verticals  a  and  d.  For  points  situated  on  the  same 
meridian  the  angle  contained  between  the  vertical  lines  equals  tlie 
difference  between  the  latitudes  of  those  points. 

At  each  point  on  the  surface  of  the  earth  a  man  standing  up- 
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right  is  in  the  direction  of  the  vertical.  But,  as  we  have  just  seen, 
this  direction  changes  from  one  place  to  another,  and  the  same  is 
the  case  with  the  position  of  the  inhabitants  of  the  various  countries 
on  the  earth.  As  the  earth  is  spherical,  it  follows  that  at  two  points, 
exactly  opposite,  two  men  will  be  in  inverted  positions  in  reference 
to  each  other  ;  from  which  is  derived  the  term  antipodes  (opposite 
as  regards  the  feet),  given  to  the  inhabitants  of  two  diametrically 
opposite  places. 

A  plane  or  a  line  is  said  to  be  horizonial  vfhen  it  is  perpendicular 
to  the  direction  of  the  vertical.  The  surface  of  water  in  a  state  of 
equilibrium  is  always  horizontal.  In  speaking  of  the  level  (91)  we 
shall  learn  how  the  horizontality  of  any  surface  or  line  is  deter- 
mined. 

4r.  Plumb-line.— The  vertical  line  at  any  point  of  the  globe  is 
generally  determined  by       plumb-line  or  plummet  (fig.  25),  which 


ohe  i  f       ?  '-attached  to  the  end  of  a  string.  In 

dte  t  :r  f  V  ^'^'^  ^^^'^h' 'he  string' in  t  ë 

direction  of  th,s  force,  and  when  it  is  at  rest  the  string  is  in  t  c 
V  r  .cal  direction.    To  ascertain  by  aid  of  the  plumb-line  whetîe  " 

the  '  ^      r  "  '^"'"^^  ^li^'"^ter  of  the  wei<^t  ,n 

the  centre  of  this  plate  is  a  small  hole,  through  which  passes  the 

D 
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string  :  holding  in  one  hand  the  plate,  and  in  the  other  the  string, 
the  edge  of  the  plate  is  placed  against  the  wall  (fig.  25)  ;  if  the 
weight  just  touches  it  the  wall  is  vertical  ;  if  the  cylinder  does  not 
touch  the  wall,  it  shows  that  the  wall  is  inclined  inwards  ;  it  is 
inclined  outwards  if  the  weight  touches  the  wall  when  the  plate  is  a 
little  removed  from  it. 

42.  Weie-ht  of  a  body. — The  weight  of  a  body  is  the  sum  of 
the  partial  attractions  which  the  earth  exerts  upon  each  of  its  mole- 
cules. Hence  the  weight  of  a  body  must  increase  as  its  mass  does  ; 
that  is,  if  it  contains  twice  or  thrice  as  much  matter,  its  weight 
must  be  twice  or  thrice  as  great.  The  weight  of  a  body  is  not  to 
be  confounded  with  gravity  ;  this  is  the  cause  which  produces  the 
fall  of  bodies  ;  the  weight  is  only  the  effect.  We  shall  presently 
see  how  weight  is  determined  by  means  of  the  balance  ;  gravity  is 
measured  by  the  aid  of  the  pendulum. 

43.  Centre  of  gravity  We  have  seen  that  all  the  partial  attrac- 
tions which  the  earth  exerts  upon  each  of'  the  molecules  of  a  body 
are  equivalent  to  a  single  force,  which  is  the  weight  of  the  body.^ 
Now  it  may  be  shown  in  mechanics  that,  whatever  be  the  shape  of 
any  body,  there  is  always  a  certain  point  through  which  this  single 
force,  the  weight,  acts,  in  whatever  position  the  body  be  placed  in 
respect  to  the  earth  ;  this  point  is  called  the  centre  of  gravity  oî  the 
body. 

To  find  the  centre  of  gravity  of  a  body  is  a  purely  geometrical 
problem  ;  in  many  cases,  however,  it  can  be  at  once  determined. 
For  instance,  the  centre  of  gravity  of  a  right  line  is  the  point 
which  bisects  its  length  ;  in  the  circle  and  sphere  it  coincides  with 
the  geometrical  centre  ;  in  cylindrical  bars  it  is  the  middle  point  ot 
the  axis  ;  in  a  square  or  a  parallelogram  it  is  at  the  point  of  inter- 
section of  the  two  diagonals.  These  rules,  it  must  be  remembered, 
presuppose  that  the  several  bodies  are  of  uniform  density. 

44.  Experimental  determination  of  tUe  centre  of  gravity.— 
The  centre  of  gravity  of  a  body  may  also  be  found  by  experiment. 
When  its  weight  is  not  too  great,  it  is  suspended,  by  a  string 
in  two  different  positions  ;  the  centre  of  gravity  of  the  body  is 
necessarily  below  the  point  of  suspension,  and  therefore  m  the 
prolongation  of  the  vertical  cord  which  sustains  it.  If  then,  in  two 
different  positions,  the  vertical  lines  of  suspension  be  prolonged 
they  cut  one  another,  and  the  point  of  intersection  is  the  centre  of 

gravity  sought.  .        r      ji  j 

In  the  case  of  thin  flat  substances,  like  a  piece  of  cardboard  or 
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a  sheet  of  tin  plate,  the  centre  of  gravity  may  be  found  by  balancing 
the  body  m  two  different  positions  on  a  horizontal  edge  ;  for  in- 
stance sliding  them  near  the  edge  of  a  table  until  they  are  ready 


Fig.  26. 

to  turn  in  either  direction  (fig.  26).    The  centre  of  gravity  is  then 

on  the  hne  ab.    Seeking,  in  a  similar  manner,  a  second  position  of 

equilibrium  m  which  the  line 

of  contact  is  cd  for  instance, 

the  centre  of  gravity  must 

necessarily  be  on  both  these 

lines  ;  that  is,  must  be  at  the 

point  of  their  intersection  g  ; 

or,  more  accurately,  a  little 
below  this  point,  in  the  in- 
terior of  the  body,  and  at 
an  equal  distance  from  its 
two  faces. 

If  the  body  be  thicker, 
three  positions  of  equili- 
brium must  be  found  ;  the 
centre  of  gravity  is  then 
at  the  point  of  intersection 
of  the  three  planes  passing 
vertically  through  the  lines 
of  contact  when  the  body  is 

in  equilibrium.  '  '  ~ 

45  EqulUbriumofheavy  i  lu  .  7. 

bodies.— As  the  centre  of  rr,-nvifv  ;=  ,1  ^  , 

action  of  gravity  is  concen  r-Tfl     .^  n        P"'"'  ''^'''''^  ^''^  ^^'^^•'<-* 

D  2 
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fore  the  body  reiTiains  in  equilibrium.   There  are,  however,  several 
cases,  according  as  the  body  has  one  or  more  pomts  of  support. 

Where  the  body  has  only  one  point  of  support,  equ.hbrmm 
only  possible  when  the  centre  of  gravity  either  concedes      h  th.s 
Doint  or  is  exactly  above  or  below  it  in  the  same  vertical  hne 
r*en  ;he  actioï.  of  gravity  is  destroyed  by 
the  fixed  point  through  which  this  force  passes.    The  plumb-line 
fig.  25)  is  a  case  of  this  kind,  the  centre  of  gravity  bcng  be  ow 
he  po  nt  of  support.     Another  example  is  the  case  of  a  stick 
the  point  01      PI  ^^  ^^.^j^  the  letter  i'-  mdi- 

balanced  on  the  hngei,  as  seen  ui  ng.    /,  „„„;iiKri„m  ev- 

cates  the  position  of  equihbnum  ex 

actly  over  the  point  of  support. 

If  the  body   has  two   points  of 


Fig.  29- 

Fig.  28. 

•  •      .  „^rP<;<;arv  for  equilibrium  that  its  centre  of  gravity 
support.  It  IS  ,,t3  or  be  exactly  above  or  below  : 

coincide  with  either  of  the^^po  >^^^  above  the  right  hne  which 
it  is  sufficient  if  it  be  ^^ac  Y 

joins  these  two  pomts  for  th^^^^^^^^  ^^^p^^,.^^ 

"^'"'  ffi  equi  b  ium  is  produced  whenever  the  centre  o 

support  (fig.  29  ,  ^^^"^;;;;f,,,ecr  by  these  points  of  support,  that 
gravity  is  within  ^^^^^  ^j,,  .^ntre  of  gravity  to  the 

Ï::^.^»  of  support  ;  for  gravity  cannot  then  over- 
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turn  the  body  beyond  its  points  of  support,  and  its  only  effect  is  to 
settle  it  more  firmly  on  the  ground. 

46.  Different  states  of  equilibrium  AUhough  a  body  sup- 
ported by  a  fixed  point  is  in  equihbrium  whenever  its  centre  of 
gravity  is  in  the  vertical  line  through  that  point,  the  fact  that  the 
centre  of  gravity  tends  incessantly  to  occupy  the  lowest  possible 
position  leads  us  to  distinguish  between  three  states  of  equilibrium— 
stable,  unstable,  neutral. 

A  body  is  said  to  be  in  stable  equilibrium  if  it  tends  to  return 
to  its  first  position  after  the  equilibrium  has  been  slightly  disturbed. 
Every  body  is  in  this  state  when  its  position  is  such  that  the 
slightest  alteration  of  the  same  elevates  its  centre  of  gravity  ;  for 
the  centre  of  gravity  will  descend  again  when  permitted,  and  after 
a  few  oscillations  the  body  will  return  to  its  original  position. 


Fig.  30. 


The  pendulum  of  a  clock  continually  oscillates  about  its  position 
of  stable  equilibrium,  and  an  egg  on  a  level  table  is  in  this  state 
-hen  Its  long  axis  is  horizontal.  ^Ve  have  another  illustration  in 
the  toy  represented  in  fig.  30. 

These  little  figures,  which  are  hollow  and  light,  are  loaded  at  the 
base  wuh  a  small  mass  of  lead,  so  that  the  centre  of  gravity  is  very 
ow.    Hence  when  the  figure  is  inclined,  the  centre  of  gravity  is 
aised,  and  gravity  tending  to  make  it  descend,  the  figure  reverts 

Ind  iT^Tv  r'',''""'"^'''  ^  °f  oscillations  on  the  right 

and  left  of  its  final  position  of  equilibrium.  ^ 

sli.f'T'r'  f''''''  equilibrhnn,  when,  after  tie 

sl.ghtest  disturbance,  it  tends  to  depart  still  more  from  its  original 
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position.  A  body  is  in  this  state  when  its  centre  of  gravity  is 
vertically  above  the  point  of  support,  or  higher  than  it  would  be  m 
any  adjacent  position  of  the  body.  An  egg  standing  on  its  end 
or  a  stick  balanced  upright  on  the  finger,  is  in  this  state  (fig.  27). 
As  soon  as  the  stick  is  out  of  the  vertical  its  centre  of  gravity  de- 
scends, and  gravity,  acting  with  increasing  force,  the  stick  tails, 
if  care  be  not  taken  to  bring  the  point  of  support  below  the  centre 
of  eravity,  by  which  equilibrium  is  restored. 

NaUralcquilibrium.-K  bodyis  in  a  state  of  neutral  equilibrium 
when  it  remains  at  rest  in  any  position  which  may  be  given  o  it^ 

This  can  only  be  the  case  when  an  alteration  m  the  P^^'^ion  of  the 
body  neither  raises  nor  lowers  its  centre  of  gravity.    A  perfect 

sphere  resting  on  a  horizontal  plane  is  in  this  state 

Fig  31  represents  three  cones  A,  B,  C,  placed  respectively  m 

stablefunstable,  and  neutral  equilibrium  upon  a  horizontal  plane. 

The  letter  -  in  each  shows  the  position  of  the  centre  of  gravity. 


.7  Examples  of  stable  equilibrlum.-lt  follows,  from  what 
,      1  thit  the  wider  the  base  on  which  a  body  rests  the 

SlbS;;.       then,  even  with  a  considerable  inclination, 

'^^:i.S:^^^  Bologna,  are  so  much 

t:^:^^  ^-n  way.  The  tower  on  the  side  is  ihat 
°^rS!e':;^ist:t- î^crto  considered,  the  position  of  the 
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animals,  whose  centre  of  gravity  is  continually  varying  with  their 
attitude-,  and  with  the  loads  they  support. 

When  a  man,  not  carrying  anything,  stands  upright,  his  centre 
of  gravity  is  about  the  middle  of  the  lower  part  of  the  pelvis,  that 
is,  between  the  two  thigh-bones.  This,  however,  is  not  the  case 
with  a  man  carrying  a  load,  for  his  own  weight  being  added  to  that 


Fig-  32- 

Of  the  load,  the  common  centre  of  gravity  is  neither  that  of  the  man 
nor  of  his  burden. 

In  this  case,  in  order  to  retain  his  stability,  the  man  must  so 
modify  his  attitude  as  to  keep  his' centre  of  gravity  directly  above 

Wl       T'^'t  ^^''^  ^  P°'-t^^-  ^^-ith  a  load  on  his 

back  ,s  obliged  to  lean  forward  (fig.  33),  while  a  man  carrying  a 
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load  in  one  hand  is  obliged  to  lean  his  body  on  the  opposite  side 

(fig-  34)-  ,  , 

Again,  it  is  impossible  to  stand  on  one  leg  if  we  keep  one  side 
of  the  foot  and  head  close  to  a  vertical  wall,  because  Ihe  latter  pre- 
vents us  from  throwing  the  body's  centre  of  gravity  vertically  above 
the  supporting  base. 

In  the  art  of  rope-dancing  the  difficulty  consists  in  maintaining 
the  centre  of  gravity  exactly  above  the  rope.  In  order  more  easily 
to  accomplish  this  the  performer  holds  in  his  hands  a  long  pole, 
which,  as  soon  as  he  feels  himself  leaning  on  one  side,  he  inclines 
towards  the  opposite  one  ;  and  thus  contrives  to  keep  the  centre  of 


Fig.  33. 


Fig-  34- 


gravity  common  to  himself  and  to  the  pole,  in  a  vertical  line  above 
the  rope,  and  so  preserves  his  equilibrium. 

A  broad  waggon  is  more  stable  than  a  narrow  one  ;  and  m 
loading  a  waggon  the  heaviest  goods  should  be  in  the  bottom  of 
the  waggon,  so  that  the  centre  of  gravity  of  the  whole  may  be  as 
little  above  the  base  as  possible. 

48.  The  balance.— The  balance  is  an  instrument  for  deter- 
mining the  relalivc  weights  or  rather  masses  of  bodies. 

The  ordinary  balance  (fig.  35)  consists  of  a  lever  of  the  first  kmd. 
cdled  the  ^^rtw,  with  its  fulcrum  in  the  middle;  at  the  extremities  of 
the  beam  are  suspended  two  scale-pam,  IJ)  and  C  ;  one  intended  to 
receive  the  object  to  be  weighed,  and  the  other  the  counterpoise. 
The  fulcrum  consists  of  a  steel  prism,     commonly  called  a  knife- 
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edge,  which  passes  through  the  beam,  and  rests  with  its  sharp  edge, 
or  axis  0/ suspensioti,  upon  two  supports  ;  these  are  formed  of  agate 
or  of  pohshed  steel,  in  order  to  diminish  the  friction.  A  needle  or 
pointer  is  fixed  to  the  beam,  and  oscillates  with  it  in  front  of  a 


Fig-  35- 

graduated  arc,  a  ■  when  the  beam  is  perfectly  horizontal,  the  needle 
pomts  to  the  zero  of  the  graduated  arc. 

Since  (34)  two  equal  forces  in  a  lever  of  the  first  kind  cannot 
be  m  equilibrium  unless  their  leverages  are  equal,  the  length  of 
he  arms  ;,A  and  «B  ought  to  remain  equal  during  the  process  of 
we.ghmg.    To  secure  this,  the  scales  are  suspended  from  hooks, 
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whose  curved  parts  have  sharp  edges,  and  rest  on  similar  edges  at 
the  ends  of  the  beam.  In  this  manner  the  scales  are  supported  on 
what  are  practically  mere  lines,  which  remain  unmoved  during  the 
oscillations  of  the  beam.    This  mode  of  suspension  is  represented 

in  fig.  35.  ,    .      .    .  r 

The  weight  of  any  body  is  determined  by  placmg  it  in  one  ot 
the  pans  of  the  balance,  D,  for  instance,  and  adding  weights  to  the 
other  until  equilibrium  is  established,  which  is  the  case  when  the 
beam  is  quite  horizontal. 

49  conditions  to  toe  satisfied  toy  a  good  toalance.— A  good 
balance  should  be  accurate,  that  is,  it  should  give  exactly  the  \veight 
of  a  body  •  it  should  also  be  delicate,  that  is,  the  beam  should  be 
inclined  by  a  very  small  difference  between  the  weights  in  the  twe 

Conditions  of  accuracy,  i.  The  two  arms  of  the  beam  ought  to 
be  Precisely  equal,  otherwise,  according  to  the  princple  of  the  lever 
(■xk  unequal  weights  will  be  required  to  produce  equilibrium.  To 
test  whether  the  arms  of  the  beam  are  equal,  weights  are  placed  in 
the  two  scales  until  the  beam  becomes  horizontal;  the  contents  of 
the  scales  being  then  interchanged,  the  beam  will  remain  horizontal 
if  its  arms  are  equal,  but  if  not  it  will  descend  on  the  side  of  the 

longer  arm.  ,      _,t        7  , 

ti  The  balance  ought  to  be  in  equilibrium  when  he  scales  au, 
emity;  for,  otherwise,  unequal  weights  must  be  placed  m  the  scales 
in  order  to  produce  equilibrium.  It  must  be  borne  in  mind,  how- 
ever that  the  arms  are  not  necessarily  equal,  even  if  the  beam  re- 
iTiains  horizontalwhen  the  scales  are  empty  ;  for  this  result  might 
also  be  produced  by  giving  to  the  longer  arm  the  lighter  scale. 

iii  The  beam  being  horizontal,  its  centre  of  gravity  ought  ta  b. 
in  the  same  vertical  line  with  the  edge  of  the  fulcrum  and  a  little 
t  JZ  the  latter  For  if  the  centre  of  gravity  coincided  with  th.s 
it  tl  act  S  of  gravity  on  the  beam  would  be  null,  and  it  would 
not  0  cil  ate.  If  Ae  c^tre  of  gravity  were  above  the  edge  of  the 
Mcrmn  the  beam  would  be  in  unstable  equilibrium  ;  while  if  it  is 
ÏÏ10W  the  fulcrum,  the  weight  of  the  beam  is  continually  tending  to 
brîn't  back  to  the  horizontal  position  as  soon  as  U  diverges  from 
it  and  the  balance  oscillates  with  regularity. 

'  Ên^tionsofdeli^^^^^^^  (i.)  The  centre  of  gravity  oj  t  ie  beam 
sh^:dt!.eiyiar  the  hnif-edgc ;  for  ^^^^^^^^^ 
inclined,  its  weight  only  acting  upon  a  short  arm  of  the  \c^  ei,  otiei  = 
but  S  resistance  to  the  e.Kcess  of  weight  in  one  of  the  pans. 


-51] 


Weighing  Machines. 


43 


(2.)  The  beam  should  be  light  ;  for  then  the  friction  of  the  knife- 
edge  upon  the  supports  is  smaller  the  less  the  pressure.  In  order 
more  effectually  to  diminish  friction,  the  edges  from  which  the 
beam  and  scales  are  suspended  are  made  as  sharp  as  .possible,  and 
the  supports  on  which  they  rest  are  very  hard. 

(3.)  Lastly,  the  longe7-the  beam  the  more  delicate  is  the  balance; 
because  the  difference  in  the  weights  in  the  pans  then  acts  upon  a 
longer  arm  of  the  lever. 

50.  ittethod  of  double  weig-hing:.— Notwithstanding  the  inac- 
curacy of  a  balance,  the  true  weight  of  a  body  may  always  be 


Fig.  36. 

determined  by  its  means.  To  do  so,  the  body  to  be  weighed  is 
placed  m  one  scale,  and  shot  or  sand  poured  into  the  other  until 
equ.hbnum  ,s  produced;  the  body  is  then  replaced  by  known 
weights  unfl  equilibrium  is  re-established.  The  sum  of  these  weights 
V.1  necessar,  y  be  equal  to  the  weight  of  the  body,  for,  acting 
nc  er  eeisely  tl.e  same  circumstances,  both  have  produced  pre- 
ciscly  the  same  effect. 

n..nV'  machines.-One  of  the  forms  of  these  instru- 

ments, which  are  of  frequent  use  in  railway  stations,  coal  yards 
etc.,  for  we.ghmg  heavy  loads,  is  represented  in  fig.  36.    It  consists 
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of  a  platform,  A,  on  which  the  body  to  be  weighed  is  placed,  and 
to  which  an  upright,  B,  is  fixed  ;  the  whole  rests  on  a  frame,  HE, 
by  the  following  mode  of  suspension. 

To  the  upright,  E,  are  adapted  two  pieces  of  iron,  which  support 
a  beam,  LR,  by  the  aid  of  a  knife-edge,  which  traverses  it  at  O. 
The  two  arms  of  the  beam  are  unequal  in  length  ;  one  of  them 
supports  a  scale,  D,  in  which  are  placed  the  weights  ;  the  other 
arm  of  the  beam  has  two  rods,  by  which  is  suspended  the  movable 
part,  AB.  In  order  to  relieve  the  knife-edge  which  supports  the 
platform,  and  to  avoid  a  shock  when  it  is  unloaded,  after  a  weigh- 
ing has  been  made,  the  arm,  OR,  is  lifted  by  raising  a  support,  ;-, 
which  is  below  the  beam,  by  means  of  the  handle,  M.  The  hori- 
zontality  of  the  beam  is  ascertained  by  means  of  two  indicators, 
m  and     the  first  fixed  to  the  frame  and  the  second  to  the  beam. 


Fig.  37- 

To  understand  the  working  of  the  mechanism  reference  must 
be  made  to  fig.  37,  in  which  the  principal  pieces  only  are  repre- 
sented A  lever,  ih,  which  bifurcates  underneath  the  platform, 
rests  at  one  end  on  a  double  knife-edge,  /,  and  at  the  other  on  the 
lower  end  of  the  rod,  L/^  which  is  fixed  to  the  beam.  A  second 
lever  rests  at  s  on  the  lever  ih,  attached  at  g  to  the  rod  ag. 
which  is  also  supported  by  the  beam.  Lastly,  the  distance  ts  being 
the  fifth  of  ih,  aO  is  also  a  fifth  of  OL. 

From  this  division  of  the  two  levers,  ///  and  OL  mto  propor- 
tional parts  two  important  consequences  follow.    First  that,  when 
the  beam  oscillates,  the  points  a  m.dg  being  lowered  by  a  ce, tan 
amount,  the  points  L  and  â  are  lowered  five  times  as  much.  But 
L  a  similar  reason,  since  the  lever  //.  oscillates  upon  the  kmfe- 
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edge  /,  the  knife-edge  j  is  lowered  one-fifth  as  much  as  the  point, 
/i,  and  therefore  just  as  much  as  g.  The  lever  eg  therefore  de- 
scends parallel  to  itself,  and  therefore  also  the  platform  A. 

Secondly  :  it  follows,  moreover,  from  the  proportional  division 
of  the  levers  OL  and  «7^,  that  the  pressure  at  the  points  of  suspen- 
sion, exercised  by  the  load  on  the  platform,  is  independent  of  the 
place  which  it  occupies  on  the  latter,  so  that  it  just  acts  as  if  it  were 
applied  along  the  rod  ag.  This  may  be  deduced  from  the  pro- 
perties of  the  lever  by  a  simple  calculation,  which  cannot,  however 
be  given  here.  ' 

Lastly,  since  the  weight  is  applied  at  a,  the  longer  the  arm  of 
the  lever  OC  as  compared  with  Oa,  the  smaller  need  be  the  weio-ht 
m  the  scale  D  in  order  to  produce  equilibrium.  In  most  weighîng 
machmes  Oa  is  the  tenth  of  OC.  Hence  the  weights  in  the  scale 
D  represent  one-tenth  the  weight  of  the  body  on  the  platform 


CHAPTER  V. 

LAWS  OF  FALLING  BODIES.     INCLINED  PLANE.  THE 
PENDULUM. 

52-  laws  of  failing:  bodies—When  bodies  fall  in  a  vacuum- 
hat  is  when  they  experience  no  resistance-their  fall  is  subject  to 
the  foUowmg  laws  ■' 

I.  In  a  vacuum  all  bodies  fall  wiih  equal  rapidity 

II.  The  space  which  a  falling  body  traverses  is  proportional  to 
the  square  of  the  time  during  which  it  has  fallen  ;  ,xL  is  that  if 
the  space  traversed  in  a  second  is  16  feet,  in(wo  seconds  it  w  I  be 

mudfo;  Ï:fe't''T"  3  seconds  9  times  as 

mucn,  or  144  feet,  and  so  on. 

the  dL^''  7f  f  ,f  a  falling  body  is  proportional  to 

cot  r     "  f  f  K  '  ''''''     ^'^^  the  end  of  a 

cet  n  'th''  'r  V'^''"^^  °'  two  seconds  it  is  twice  32,  or  64 
feet  at  the  end  of  3  seconds  96  feet,  and  so  forth.  ^ 

two  yldsTo^ Tfi ^H^enn^cn.  a  glass  tube  about 
two  yards  long  (fig.  38)  may  be  taken,  having  one  of  its  cxtremitio. 
completely  closed,  and  a  brass  stop-cock  fix^d  to  the  othe  A  " 
havmg  mtroduced  bodies  of  different  weights  and  densities  (pfeclî 
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of  lead,  paper,  feather,  etc.)  into  the  tube,  the  air  is  withdrawn  from 
it  by  an  air-pump,  and  the  stop-cock  closed.  If  the  tube  be  now 
suddenly  reversed,  all  the  bodies  will  fall  equally  quickly.  On  in- 
troducing a  little  air  and  again  inverting  the  tube  the  lighter  bodies 

become  slightly  retarded,  and  this  re- 
tardation increases  with  the  quantity 
of  air  introduced. 

It  is,  therefore,  concluded  that 
terrestrial  attraction,  which  is  the  cause 
to  which  the  fall  of  bodies  is  due,  is 
equally  exerted  on  all  substances,  and 
that  the  difference  in  the  velocity  with 
which  bodies  fall  is  occasioned  by  the 
resistance  of  the  air,  which  is  more 
perceptible  the  smaller  the  mass  of 
bodies  and  the  greater  the  surface 
they  present. 

The  resistance  opposed  by  the  air 
to  falling  bodies  is  especially  remark- 
able in  the  case  of  liquids.  The  Staub- 
bach  in  Switzerland  is  a  good  illustra- 
tion ;  an  immense  mass  of  water  is 
seen  falling  over  a  high  precipice,  but 
before  reaching  the  bottom  it  is  shat- 
tered by  the  air  into  the  finest  mist. 
In  a  vacuum,  however,  liquids  fall 
like  solids,  without  separation  of  their 
molecules.     The  luatcr-hamvier  illus- 
trates this  :   the  instrument  consists 
of  a  thick  glass  tube  about  a  foot  long, 
aalf  filled  with  water,  the  air  having  been  expelled  by  ebullition 
previous  to  closing  one  extremity  with  the  blow-pipe.    \\  hen  such 
a  tube  is  suddenly  inverted  the  water  falls  in  one  undivided  mass 
against  the  other  extremity  of  the  tube,  and  produces  a  sharp  dry 
sound,  resembling  that  which  accompanies  the  shock  of  two  sohd 

^""^Ïhe  two  other  laws  are  verified  by  the  aid  of  the  inclined  plane, 
and  of  Atwood's  machine  (fig.  40-  ,  ... 

53  Inclined  plane.-Any  plane  surface  more  or  less  obhque  n. 
.efe  nee  to  the  horizon  is  an  incline,  plane.  ^^^^^^'^^^^^^^ 
'fig  39),  and  such  also  that  of  an  ordmary  desk  and  of  most  loads. 


Fig.  38. 


54] 


Inclined  Plane. 
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When  a  body  rests  on  a  horizontal  plane,  the  action  of  gravity 
is  entirely  counteracted  by  the  resistance  of  this  plane.  This 
however,  is  not  the  case  when  it  is  placed  upon  an  inclined  plane  ; 
the  action  of  gravity  is  then  decomposed  into  two  forces  (26),  one 
perpendicular  to  the  inclined  plane,  that  is,  acting  along  its'  sur- 
face, and  the  other  parallel  to  the  plane.  The  only  effect  of  the 
first  force  is  to  press  the  body  on  the  plane  without  imparting  to  it 
any  motion  ;  while  the  second  makes  the  body  descend  along  the 
plane.  This  latter,  however,  is  only  one  component  of  gravity  :  it 
is  only  a  fraction,  a  third,  or  a  quarter,  according  to  the  degree  of 
inclination  of  the  plane.  Hence  a  body  will  roll  down  an  inclined 
plane,  but  more  slowly  than  if  it  fell  vertically  ;  and  the  velocity  is 
indeed  the  less  the  smaller  the  angle  which  the  plane  makes  with 
the  horizon. 


Fig.  39- 

A  horse  drawing  a  carriage  on  a  road  where  there  is  a  rise  0^ 
one  m  twenty  ,s  really  lifting  one-t^ventieth  of  the  load,  beside 
overcommg  the  friction  of  the  carriage.    Hence  the  importance  oi 
rnakmg  roads  as  level  as  possible  ;  it  is  for  this  reason  fha  "  oad 
"P  a  ve  y  steep  hill  ,s  made  to  wind  or  zig-zag  all  the  way  and 

r:.rulr;  "^T^r     ^  ^^^^^  ^^  -  which  is  rt- 

road,  usually  wmds  from  side  to  side 

heavv ''l'"'''^''  °^  '"'""'^  P'^"^  "^'-^^^  °f  i"  filing 
heavy  casks  mto  or  out  of  a  waggon  by  means  of  two  combined 

tJi'  the  second  law  of  falling  bodies  bv 

po  ses:  r:?r\°"~''','  above  property  wh.ch  the  inclined  p  ane 
possesses,  of  slackenmg  the  fall  of  bodies,  has  been  used  to  demon 
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strate  the  second  law  of  their  fall  (  2),  that  the  space  traversed  by  a 
fatlhig  body  is  proportionat  to  the  square  of  tlie  time  during  which 

it  has  been  falling. 

To  make'  this  experiment,  an  inclmed  plane  is  taken,  along 
which  is  traced  a  scale  graduated  in  inches;  then  taking  a  well- 
polished  ivory  ball,  a  position  is  found  by  trial  at  ^vhichit  just 
takes  a  second  to  reach  the  bottom  of  the  inclined  plane  A,  fig.  39- 
Let  us  suppose  that  this  is  at  the  eleventh  division     The  experi- 
ment is  then  repeated  by  making  the  ball  traverse  four  times  the 
distance,  that  is,  placing  it  at  the  forty-fourth  division,  and  it  w. 
then  be  found  to  take  two  seconds  in  so  doing.    In  like  manner  it 
will  be  found  that  in  passing  through  nine  times  the  distance,  or 
through  ninety-nine  divisions,  three  seconds  are  required.  Hence  ,t 
is  concluded  that  the  spaces  traversed  increase  as  the  squares  of 

'^''cTAtwood's  machine.-Mr.  Atwood  invented  a  machine  by 
which  the  velocity  of  falling  bodies  is  slackened,  and  the  laws 
of  motion  may  be  demonstrated.  It  consists  o  a  wooden  pillar 
about  2X  yards  high  (fig.  41).  On  the  front  of  the  piUar  is  a  clockwork 
motion  H,  regulated  in  the  usual  way  by  a  seconds  pendulum,  P 
On  the  right  of  the  column  is  a  graduated  scale  which  measures 
the  spaces  traversed  by  the  falling  bodies.  Along  this  scale  t.-o 
lÎ^ders  move,  which  can  be  fixed  by  a  in  any  pos,t,on  ;  one  of 

these  has  a  disc.  A,  and  the  other  a  ring,  B  (fig,  45)-  At  the  top 
0  the  cdumn  is  a  brass  pulley,  whose  axis,  instead  of  resting  on 
ot  tne  cciuu  r         ^.^^^^^  ^^^^^^      ^^^^^  ^^^^^^  wheels, 

r,  r,  r',  r',  called  friction  wheels, 
since  they  serve  to  diminish  fric- 
tion (fig.  40).  Two  exactly  equal 
weights,  K  and  K',  are  attached  to 
the  end  of  a  fine  silk  thread,  which 
passes  round  the  pulley. 

At  the  top  of  the  column  is  a 
plate,      on  which  is  placed  the 
falling  body  (fig.  42).    This  pl^te 
is  fixed  to  a  horizontal  axis  which 
carries  a  small  catch  /,  supported, 
when  the  plate  is  horizontal,  by  a  lever,  ab,  movable  in  the  middle 
A  spring  placed  behind  the  dial  tends  to  keep  this  lever  in  t  e 
pos  ion'epresented  in  fig.  42,  while  an  eccentric,     moved  by 
dockwork,  tends  to  incline  towards  the  right  the  upper  arm  of  the 


hiiinMhifiimilil'Tiilli''p^'^"'''"''"''''''''' 
Fig.  40 
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lever  ab  The  parts  are  so  arranged  that  when  the  needle  is  at 
zero  of 'the  graduation  the  lever  is  moved  by  the  eccentric  ; 
the  plate  n  then  lets  fall  the  body  which  it  sustained  (fig.  43)-  . 

These  details  being  premised,  we  may  add  that  the  slackening 
which  it  produces  in  the  fall  of  a  body  depends  on  the  mechanical 
Înciple  that  when  a  moving  body  meets  another  at  rest  it  impart 
to  his  latter  a  part  of  its  velocity,  which  is  greater  the  greater  the 
r^ass  o  t  e  second  body  compared  with  the  first.  For  instance  if 
Tbody  w  th  he  oass  i,  strikes  against  another  at  rest  with  he 
mass  i  j  e  total  mass  being  now  20,  the  common  velocity  after 
Te  hiact  is  only  a  twentieth  of  the  original  velocity  of  the  first. 

fZ  experimnt.-To  demonstrate  the  second  law,   hat  the 

I  TèZlss  »f  fell  alone  it  would  traverse  in 
f:L„\r;      t^6'Lt%„t.  fron,  the  principle  stated  abov.  it 

^a^only  fall      .^''-NTSil";^  *  "™tisïed  LtSl^ 
Srass  «     "ed  ^irthViroTth.  .nasses  K  and  K'. 
The  experiment  being  prepared  as  indicated  ,n  fig.  4=  the  pen- 
The  experime       ^  jk„ork  then  begins  to  move,  and 

l"as  *e  "e^S  arri;e  at  .er„  tbe  plate  „  drops  (fig.  43).  tbe 
K  Ind^: too, a„d  .be  space  ,^  is  second 

^''rSerTSTpacXnonr'tllsn^^^^^^^^^ 

menced  thesl.der  A  be      p  ^  ^, 

'""i  ^^1,  y^l  Sr.\'.'U.n  the  pla.e  »  drops  i.  is  found  tha. 
inches  (6g.  44).  .        ..^onds  to  traverse  the  space 

,he  weight  K,n  f^^^^'Z"^^^^  i„ches  ,be  tinre  re<,nired 

A„,    increasnrg  the  space  traversed     7  ^^^^^ 

[he^sTe  »icf  oTlTce'LÎ;::.,  the  spaces  traversed  are  fonr 

or  nine  times  as  great  ^„e/odt/c-s  arc  pro- 

P"'-'""'"''  '"^1,1^  „^ights  K  and  ».  being  arranged  as  .n 
45,  46,  and  47,  tha  .s,  t  e      „  ^^^^^^^     ^  .,^^,,^3 

:ÏsÏ='  slX;li  B  is  ;S  a^a  at     nrches  below  the  disc  A. 


~^^]  Pendulum.  ' 

When  the  ledge  n  has  dropped,  the  weights  K  and  m  still  require 
a  second  to  fall  from  n  to  B.    But  then  the  over-weight  m  beintr 
arrested  by  the  ring  B  (fig.  46),  the  weight  K  only  falls  in  virtue  of 
Its  acquired  velocity.    The  motion  which  was  uniformly  accelerated 
from  ^  to  B  (17)  is  kept  uniform  from  B  to  A  ;  for  the  wei-ht 
was  the  cause  of  the  acceleration,  and  this  having  ceased  to  act  the 
acceleration  ceases.    It  is  then  found  that  the  space  oB,  equal  to  8 
having  been  traversed  in  one  second,  the  space  BA,  equal  to  16  is 
also  traversed  in  a  second.    That  is,  16  represents  the  velocity' of 
he  uniform  motion,  which,  starting  trom  the  point  B,  has  succeeded 
to  the  uniformly  accelerated  motion. 

The  experiment  is  finally  recommenced  bv  placing  the  slidin- 
Tt^L  r  V  ^'^'^"^^^32  (fig.  47),  and  the  sliding-disc  below  B,  also 
at  the  distance  32    The  space  .B  being  then  four  times  as  great  as 

L^df'  ^         "  '"^"'^^'-'^  accordance  with  the 

second  law,  twice  the  time.  But  the  mass  ,n  being  again  arrested 
by  the  shder  B,  it  is  found  that  the  weight  K  falls  alone  and  unT 
formly  from  B  to  A  in  one  second.  The  number  32  from  B  to  À 
represents  then  the  velocity  acquired,  starting  from  the  poii^  B 
after  two  seconds  of  fall.  In  the  first  narf  nf  ft»  »  ■ 
ascertiinpH  H.of  \  part,  of  the  experiment  it  was 

ascertained  that  the  velocitj-  acquired  after  one  second  was  16  • 
hence  in  double  the  time,  the  velocity  acquired  is  double.  I  n  '; 
be  shown,  in  like  manner,  that  after  three  times  the  time  he 
velocity  IS  trebled,  and  so  on  ;  thus  proving  the  thi^d  law  ' 

Pen.^=^^^^ 

is  nlaroH       •    .         ■  "ijm  US  veitical  position  ;  when  it 

's  placed,  for  instance,  in  the  direction  C7i  (fi^  cq^    The  h;,ll  w 
raised,  gravity  tends  to  make  it  fill  •  \l  -  f "     '\  ^'"^ 
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direction  contrary  to  that  of  the  motion  ;  the  motion,  accordinghs 
becomes  slower/and  the  ball  stops  at  a  distance,  mp,  which  would 
brexSl  equal  to  were  it  not  for  the  resistance  of  the  a,r 
and  also  the  rigiditv  of  the  thread,  which,  as  it  '^-  offe  ^  ^ 
certain  resistance  to  being  bent  about  the  point  m  passing  fiom 
the  Dosition  cn  to  cp,  and  vice  versa. 

™  being  premised,  the  moment  the  ball  stops  at  A  gravity, 
actilg  BO  asfo  make  it  fall  again,  brings  it  from;)  to  when. 


Fig.  49- 


Fig.  5o. 


Fig.  51- 


arc,  pn.  «^ndulum.— A  distinction  is  made 


-58] 


Laivs  of  tJie  Pendulum. 
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simple  pendulum  would  be  that  formed  by  a  single  material  point, 
suspended  by  a  thread  without  weight.  Such  a  pendulum  has 
merely  a  theoretical  existence  ;  and  it  has  only  been  assumed  in 
order  to  arrive  at  the  laws  of  oscillations  of  the  pendulum  which 
we  shall  presently  describe. 

A  compoimd  or  physical  pendtdiim  may  be  defined  to  be  any 
body  which  can  oscillate  about  a  point  or  an  axis.  The  pendulum 
described  above  (fip^.  49)  is  of  this  kind,  The  form  may  be  greatly 
varied,  but  the  most  ordinary  one  is  a  glass  or  steel  rod  (fig.  53) 
fixed  at  the  top  of  a  thin  flexible  steel  plate,  or  to  a  knife  edge  like 
that  of  the  balance  (fig.  35).  At  the  bottom  of  the  rod  is  a  heavy 
lens-shaped  mass  of  metal,  usually  of  brass,  and  known  as  the  bob. 
The  lenticular  is  preferred  to  the  spherical  form,  for^  for  the  same 
mass,  it  presents  less  resistance  to  the  air  during  each  oscillation. 

58.  Iiaws  of  the  pendulum.  Galileo. — Whatever  be  the  form 
of  the  pendulum,  its  oscillations  always  fall  under  the  following 
laws.  The  first  of  these,  that  one  and  the  same  pendulum  makes 
its  oscillations  in  equal  times,  was  discovered  by  Galileo,  the 
celebrated  physicist  and  astronomer,  at  the  end  of  the  sixteenth 
century.  It  is  related  that  he  was  led  to  this  discovery,  while  still 
.  young,  by  observing  the  regular  motion  of  a  lamp  suspended  to 
the  vault  of  the  cathedral  at  Pisa,  This  property  of  the  pendulum 
has  received  the  name  of  isochronism,  from  two  Greek  words  which 
mean  equal  times,  and  such  oscillations  are  said  to  be  isochronous. 

First  law  ;  or,  law  of  isochronism.  — 77/^?  oscillations  of  one  and 
the  same  pendulum  are  isochronous,  that  is,  are  effected  in  equal 
tunes.  This  law  is  only  perfectly  exact  when  the  oscillations  are  of 
small  amplitude,  four  or  five  degrees  at  most  ;  for  a  greater  ampli- 
tude the  oscillation  is  longer. 

Second  law  ;  or,  law  of  lengths.— With  pendulums  of  different 
lengths  the  durations  of  the  oscillations  are  proportional  to  the 
square  roots  of  the  lengths  of  the  pendulums,  that  is  to  say,  that  if 
.the  lengths  of  the  pendulums  are  as  i,  4,  9,  16,  the  times  of  oscilla- 
tions will  be  as  I,  2,  3,  4  ;  these  being  the  square  roots  of  the  former 
set  of  numbers. 

Third  law.— If  the  length  of  the  pendulum  remains  tlie  same, 
but  the  sulDstances  are  difl"erent,  the  duration  of  the  oscillations  is 
independent  of  the  substance  of  which  the  pendulums  are  formed; 
that  is,  that  whether  of  wood,  or  of  ivory,  or  of  metal,  they  all 
oscillate  in  the  same  length  of  time. 

Fourth  law.— 77/6'  duration  of  the  oscillations  of  a  given  pen- 
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dulum  is  inversely  as  the  square  root  of  the  force  of  gravity  in  the 
place  in  which  the  observation  is  made. 

59.  Verification  of  the  laws  of  the  pendulum. — In  order  to 
verify  the  laws  of  the  simple  pendulum  we  are  compelled  to  em- 
ploy a  compound  one,  the  construction  of  which  differs  as  little 
as  possible  from  that  of  the  simple  one  (57).  For  this  purpose  a 
small  sphere  of  a  very  dense  substance,  such  as  lead  or  platinum, 
is  suspended  from  a  fixed  point  by  means  of  a  very  fine  thread.  A 

pendulum  thus  formed  oscillates 
almost  like  a  simple  pendulum, 
the  length  of  which  is  equal  to  the 
distance  of  the  centre  of  the  sphere 
from  the  point  of  suspension. 

In  order  to  verify  the  isochron- 
ism  of  small  oscillations  it  is  merely 
necessary  to  count  the  number  of 
oscillations  made  in  equal  times, 
as  the  amplitudes  of  these  oscilla- 
tions diminish  from  pn  to  rq  (tig. 
51)  say  from  three  degrees  to  a 
fraction  of  a  degree  ;  this  number  . 
is  found  to  be  constant. 

That  the  times  of  vibration  are 
proportional  to  the  square  roots  of 
the  lengths  is  verified  by  causing 
pendulums,  whose  lengths  are  as 
the  numbers  i,  4,  9,  .  .  .  •  to 
oscillate  simultaneously.  (AB,  fig. 
52.)  The  corresponding  numbers 
of  oscillations  in  a  given  time 
are  then  found  to  be  proportional 
to  ihe  fractions  i,  ^,  ^,  etc.  .  .  . 
which  shows  that  the  times  of  oscillation  increase  as  the  numbers 
J  2      ,  .  ,  .  etc. 

'  By  taking  several  pendulums  of  exactly  equal  lengths  B,C,D 
/fig  52)  but  with  spheres  of  different  substances,  lead,  copper,  ivoiy, 
it  is  found  that,  neglecting  the  resistance  of  the  air,  these  pendu- 
lums oscillate  in  equal  times,  thereby  showing  that  the  acceleratmg 
effect  of  gravity  on  all  bodies  is  the  same  at  the  same  place. 

to.  Measurement  of  the  force  of  g:ravity.-The  relation 
which  the  fourth  law  of  the  pendulum  establishes  between  the 


Fig.  52. 
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number  of  oscillations  in  a  given  time,  and  the  force  of  gravity,  is 
used  to  determine  the  magnitude  of  this  force  at  different  places  on 
the  globe.  By  counting  the  number  of  oscillations  which  one  and 
the  same  pendulum  makes  in  a  given  time,  a  minute  for  example, 
ill  proceeding  from  the  equator  towards  the  poles,  it  hag  been 
found  that  this  number  continually  increases,  proving,  therefore, 
that  the  force  of  gravity  increases  from  the  equator  towards  the 
poles. 

By  means  of  the  pendulum  the  velocity  has  been  calculated 
which  a  body  acquires  in  falling,  in  a  second 
of  time,  in  vacuo,  that  is  to  say,  when  it  ex- 
periences no  resistance  from  the  air.  At 
London  this  is  32-19  feet. 

Since  the  velocity  which  a  force  imparts 
to  a  movable  body  in  a  given  time  is  greater 
in  proportion  as  this  force  is  more  intense, 
the  force  of  gravity  in  different  places  is 
measured  by  the  velocity  which  it  imparts 
to  a  body  falling  freely  in  a  vacuum  :  in 
London,  for  instance,  its  intensity  is  33'i9 
feet,  at  the  equator,  32-09,  and  at  Spitzbergen 
32-25  feet. 

61.  Application  of  tbe  pendulum  tu 
clocks. — The  regulation  of  the  motion  ot 
clocks  is  effected  by  means  of  pendulums, 
that  of  watches  by  balance-springs.  Pendu- 
lums were  first  applied  to  this  purpose  by 
Huyghens  in  1658,  and  in  the  same  year 
Hooke  applied  a  spiral  spring  to  the  balance 
of  a  watch.  The  manner  of  employing  the 
pendulum  is  shown  in  fig.  53.  The  pendu- 
lum rod  passing  between  the  prongs  of  a 
fork,  a,  communicates  its  motion  to  a  rod, 
b,  which  oscillates  on  a  horizontal  axis,  0. 
To  this  axis  is  fixed  a  piece,  mn,  called 
7m  escapement  or  crutch,  terminated  by  two  projections  or  pallets, 
which  work  alternately  with  the  teeth  of  the  escapement  wheel, 
R.  This  wheel  bein^î  acted  on  by  the  weight  tends  to  move 
continuously,  let  us  say  in  the  direction  indicated  bv  the  arrow- 
head. Now,  if  the  pendulum  is  at  rest,  the  wliccl  is  held  at  rest  by 
the  pallet,  m,  and  with  it  the  whole  of  the  clockwork  and  the  weight 


Fig.  53. 
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If,  however,  the  pendulum  moves  and  takes  the  position  shown  by 
the  dotted  hne,  the  pallet,  m  is  raised,  the  wheel  escapes  from  the 
confinement  in  which  it  was  held  by  ihe  pallet,  the  weight  descends, 
and  causes  the  wheel  to  turn  until  its  motion  is  arrested  by  the 
other  pallet,  7i  ;  which,  in  consequence  of  the  motion  of  the  pen- 
dulum, will  be  brought  into  contact  with  another  tooth  of  the 
escapement  wheel.  In  this  manner  the  descent  of  the  weight  is 
ahernately  permitted  and  arrested— or,  in  a  word,  regulated— hy 
the  pendulum.  By  means  of  a  proper  train  of  wheelwork  the 
motion  of  the  escapement  is  communicated  to  the  hands  of  the 
clock;  and  consequently  their  motion,  too,  is  regulated  by  the 
pendulum. 

Hence,  to  regulate  a  clock  when  it  goes  too  slow  or  too  fast,  the 
length  of  the  pendulum  must  be  altered.  If  the  clock  goes  too 
slow,  it  is  because  the  pendulum  oscillates  too  slowly,  and  it  must 
therefore  be  shortened  ;  if,  on  the  contrary,  it  goes  too  fast,  it  must 
be  lengthened.  This  shortening  or  lengthening  is  usually  effected 
at  the  top  of  the  pendulum  by  varying  the  length  of  the  oscillating 
portion  of  the  plate  to  which  it  is  suspended.  Clocks  are  pro\aded 
with  a  simple  arrangement  for  this  purpose,  which,  however,  is  not 
represented  in  the  figure. 

A  pendulum  which  makes  one  oscillation  in  a  second  is  called 
a  seconds  pendulum.  Its  length  is  not  the  same  in  different  parts 
of  the  earth  ;  it  is  somewhat  less  at  the  equator  than  at  the  poles. 
In  London  it  amounts  in  round  numbers  to  39-14  inches,  and  in 
New  York  to  39' 10  inches. 

Seeing  that  heat  expands  bodies,  the  length  of  the  pendulum 
will  be  greater  in  summer  and  less  in  winter.  Hence  a  clock  which 
has  been  once  regulated  for  the  mean  annual  temperature  will  lose 
in  summer  and  will  gain  in  winter.  How  this  eff-ect  of  temperature 
is  counteracted  by  a  self-acting  arrangement,  will  be  seen  m  the 

chapter  on  Heat. 

62  Metronome.— This  is  another  apphcation  of  the  isochromsm 
of  the  oscillations  of  the  pendulum,  and  is  used  to  mark  the  time 
in  practising  music.  As  this  time  varies  in  diff"erent  compositions, 
it  is  important  to  be  able  to  vary  the  duration  of  the  oscillations 
which  is  effected  as  follows.  The  bob  of  the  pendulum,  B  (tig.  54) 
is  of  lead  and  it  oscillates  about  an  axis,  0  ;  the  rod  which  is  pro- 
longed above  this  axis  is  provided  with  a  weight.  A,  which  slides  on 
this  rod  and  can  be  fixed  in  any  position.  This  weight  obviously 
acts  in  opposition  to  the  oscillations  of  the  bob,  B,  for  when  this 
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tends  to  oscillate^  for  instance,  from  right  to  left,  the  weight  tends 
to  move  the  rod  in  the  opposite  direction,  and  this  resistance  which 
it  affords  to  the  motion  is  greater  the  longer  the  arm  of  the  lever, 
A  o,  on  which  it  acts.  Hence  the  higher  the  weight.  A,  is  raised 
the  slower  are  the  oscillations.  At  the  base  of  the  instrument  there 
is  a  clockwork  motion,  which  works  an  escapement  with  such  force 
that,  at  each  oscillation  of  the  pendulum,  a.  tooth  strikes  strongly 


Fig-  54- 

against  a  pallet  fixed  to  the  axis,  o,  thus  producing  a  regular  beat 
which  gives  the  time.  In  front  of  the  box  which  contains  the 
mechanism  is  a  scale  with  numbers,  indicating  the  height  at  which 
the  weight  must  be  placed  to  obtain  a  given  number  of  oscillations 
m  a  minute.  In  the  drawing  this  weight  is  at  the  number 
Which  mdicates  that  the  pendulum  makes  92  oscillations  in  L 
minute. 
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CHAPTER  VI. 

MOLECULAR  ATTRACTION. 

63.  Cohesion  and  cUemical  affinity.— After  having  described,  , 
under  the  name  of  universal  gravitation,  the  attraction  which 
exists  between  the  stars  and  planetary  bodies  ;  and  under  that  of 
gravity,  the  attraction  which  the  earth  exerts  upon  all  bodies  in 
making  them  fall  towards  it,  we  have  to  investigate  the  attractions 
which  hold  together  the  ultimate  particles  or  molecules  of  a  body. 
These  are— cohesion,  chemical  affinity,  and  adhesion. 

Cohesion  is  the  force  which  unites  two  molecules  of  the  same 
nature  ;  for  example,  two  molecules  of  water,  or  two  molecules  of 
iron.  Cohesion  is  strongly  exerted  in  solids,  less  strongly  in  liquids, 
and  scarcely  at  all  in  gases.  Its  intensity  decreases  as  the  tem- 
perature increases,  because  then  the  repulsive  force  due  to  heat 
increases.  Hence  it  is,  that  when  solid  bodies  are  heated,  they  first 
expand,  then  liquefy,  and  are  ultimately  converted  into  the  gaseous 
state  provided  that  heat  produces  in  them  no  chemical  change. 

Cohesion  varies  not  only  with  the  nature  of  bodies,  but  also  with 
the  arrangement  of  their  molecules  ;  for  example,  the  difference 
between  tempered  and  untempered  steel  is  due  to  a  difference  in 
the  molecular  arrangement  produced  by  tempering.  Many  of  the 
properties  of  bodies,  such  as  tenacity,  hardness,  and  ductility,  are 
due  to  the  modification  which  this  force  undergoes. 

In  large  masses  of  liquids,  the  force  of  gravity  preponderates  over 
that  of  cohesion.  Hence  liquids  acted  upon  by  the  former  force 
have  no  special  shape  ;  they  take  that  of  the  vessel  in  which  they  are 
contained  But  in  smaller  masses  cohesion  gets  the  upper  hand,  and 
liquids  present  then  the  spheroidal  form.  This  is  seen  in  the  drops 
of  dew  on  the  leaves  of  plants  ;  it  is  also  seen  when  a  liquid  is 
placed  on  a  solid  which  it  does  not  moisten  ;  as,  for  example, 
mercury  upon  wood.  The  experiment  may  also  be  made  with 
water,  by  sprinkling  upon  the  surface  of  the  wood  some  hght 
powder  such  as  lycopodium  or  lampblack,  and  then  dropping  some 

water  on  it.  .     .,,  ,  .   .  ^ 

In  dropping  various  liquids  from  bottles  it  will  be  seen  that  the 
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size  of  the  drops  is  not  the  same.  It  is  greatest  in  those  in  which 
cohesion  is  greatest. 

Chemical  affinity,  or  chemical  adraclion,  is  the  force  which  is 
exerted  between  molecules  not  of  the  same  kind.  Thus,  in  water, 
which  is  composed  of  o.xygen  and  hydrogen,  it  is  affinity  which 
unites  these  elements,  but  it  is  cohesion  which  binds  together  two 
molecules  of  water.  In  compound  bodies  cohesion  and  affinity 
operate  simultaneously,  while  in  elementary  bodies  cohesion  has 
alone  to  be  considered. 

To  chemical  affinity  are  due  all  the  phenomena  of  combustion  ; 
when  carbon  burns  it  is  affinity  which  causes  this  body  to  combine 
with  the  oxygen  of  the  air  to  form  the  gas  known  as  carbonic  acid. 
Affinity  determines  the  combination  of  the  elements,  so  that  with  a 
small  number  of  them  are  formed  the  immense  number  of  organic 
and  mineral  substances  which  serve  for  our  daily  uses. 

The  causes  which  tend  to  Aveaken  cohesion  are  most  favourable 
to  affinity  ;  for  instance,  the  action  of  affinity  between  substances 
is  facilitated  by  their  division,  and  still  more  by  converting  them  to 
a  liquid  or  gaseous  si  ate.  It  is  most  powerfully  exerted  by  a  body 
in  Its  ?iascen(  state,  that  is,  the  state  in  which  the  body  exists  at  the 
moment  it  is  disengaged  from  a  compound  ;  the  body  is  then  free, 
and  ready  to  obey  the  feeblest  affinity.  An  increase  of  temperature 
modifies  affinity  differently  under  different  circumstances.  In  some 
cases,  by  diminishing  cohesion,  and  increasing  the  distance  between 
the  molecules,  heat  promotes  combination.  Sulphur  and  oxygen 
which  at  the  ordinary  temperature  are  without  action  on  each 
other,  combine  to  form  sulphurous  acid  when  the  temperature  is 
raised.  In  other  cases  heat  tends  to  decompose  compounds  ;  thus 
many  metallic  oxides,  as  for  example  those  of  silver  and  mercury, 
are  decomposed,  by  the  action  of  heat,  into  gas  and  metal. 

64.  A.aiiesion,— Adhesion  is  the  name  given  to  the  attraction 
manifested  by  two  bodies  when  their  surfaces  are  placed  in  contact. 
Between  adhesion  and  cohesion  there  is  no  real  difference  ;  the 
former  term  should  perhaps  be  exclusively  applied  to  the  case  in 
which  the  bodies  are  different. 

If  two  leaden  bullets  are  cut  with  a  penknife  so  as  to  form  two 
equal  and  brightly  polished  surfaces,  and  the  two  faces  are  turned 
against  each  other  until  they  are  in  the  closest  contact,  they  adhere 
L''  '°  '  °'  3  or  4  ounces  to 

ZTll^  ;  ,  '  u'"''  --périment  may  be  made  with  two 
equal  pieces  of  glass,  which  are  polished  and  made  perfectly  plane. 
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When  they  are  pressed  one  against  the  other,  the  adhesion  is  so 
powerful  that  they  cannot  be  separated  without  breaking.  As  the 
experiment  succeeds  in  a  vacuum  it  cannot  be  due  to  atmospheric 
pressure,  but  must  be  attributed  to  a  reciprocal  action  between  the 
two  surfaces.  The  attraction  also  increases  as  the  contact  is  pro- 
longed, and  is  greater  in  proportion  as  the  contact  is  closer. 

To  adhcFion  is  due  the  resistance  experienced  in  raising  a  plank 
placed  on  water  ;  and  to  the  same  force  is  ascribed  the  difficulty 
met  with  in  walking  through  thick  mud.  If  we  dip  a  glass  rod  into 
water,  on  withdrawing  it  a  drop  will  be  found  to  collect  at  the 
bottom,  and  remain  suspended  there.  As  the  weight  of  the  drop 
tends  to  detach  it,  there  must  necessarily  be  some  force  superior 
to  this  weight  which  maintains  it  there;  this  force  is  the  force  ot 
adhesion.  On  the  property  of  adhesion  depend  the  operations  of 
gluincr  and  soldering,  of  cementing,  and  coating  mirrors.  Ihe 
collection  of  dust  on  the  ceiling  and  walls  of  a  room,  writing  with 
chalk,  or  with  a  lead  pencil  are  also  due  to  adhesion. 

The  force  of  adhesion  operates  also  between  sohds  and  gases. 
If  a  metal  plate  be  immersed  in  water,  bubbles  will  be  found  to 
appear  on  the  surface.  As  air  cannot  penetrate  into  the  pores  of  the 
plate  the  bubbles  could  not  rise  from  air  which  had  been  expelled 
but  must  be  due  to  a  layer  of  air  which  covered  the  plate  and 
moistened  it  like  a  liquid. 

CAPILLARITY.  ABSORPTION. 
6q.  capillary  pUenomena.-When  solid  bodies  are  placed  in 
contact  with  liquids,  molecular  attraction  gives  rise  a  ckss  of 
phenomena  called  capillary phenomenaM<^^^^^  they  aie  best  se 
fn  tubes  whose  diameters  are  comparable  with  the  d'ameter  of  a 
hai  These  phenomena  are  treated  of  in  physics  under  the  head 
li  capillarity  or  capillary  attraction  latter  expression  is  al.o 
applied  to  the  force  which  produces  the  phenomena. 

The  phenomena  of  capillarity  are  very  various  bu  '-^l' 
referred  to  the  mutual  attraction  of  the  liquid  molecules  foi  each 
otSi   and  to  the  attraction  between  these  molecules  and  solid 
bodies    The  following  are  some  of  these  phenomena  :- 

When  a  glass  rod  is  placed  in  a  liquid  which  wets  ,t,  water  for 
inst-mce  the  liquid,  as  if  not  subject  to  the  laws  of  gravity  is  ra^ed 
;;rrds  against  the  sides  of  the  solid,  ai^  its  surface,  mstead  of 
being  horizontal,  becomes  slightly  concave  (fig.  55)- 
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ii.  Jf,  instead  of  a  solid  rod,  a  hollow  tube  be  immersed  in  water 
(fig.  56),  not  merely  is  the  liquid  raised  around  the  tube,  but  it  rises 
in  the  inside  to  a  height  which  is  greater  the  narrower  the  tube  ; 
and  at  the  same  time  the  surface  of  the  liquid  inside  the  tube 
assumes  a  concave  form. 

iii.  If  the  tube  is  not  moistened  by  the  liquid,  as  is  the  case  with 
mercury,  the  liquid  is  depressed  instead  of  being  raised,  and  the 
more  so  the  narrower  the  tubes  (fig.  57)  ;  and  the  surface,  which 


Fig.  35.  Fig.  56.  Fig.  57. 

was  previously  concave,  now  becomes  convex.  The  surface  of  a 
hquid  exhibits  the  same  concavity  or  convexity  against  the  sides  of 
a  vessel  in  which  it  is  contained,  according  as  the  sides  are  or  are 
not  moistened  by  the  liquid. 

66.  I.aws  of  capillarity.— The  elevation  and  depression  of 
liquids  in  capillary  tubes,  the  internal  diameter  of  which  does  not 
exceed  two  millimetres,  are  governed  by  the  following  laws  :  — 

I.  When  a  capillary  tube  is  placed  in  a  liquid,  the  liquid  is 
raised  or  depressed  according  as  it  does  or  does  not  moisten  the 
tube,  a7id  the  elevation  is  the  greater  the  smaller  the  diameter  of 
the  tube,  that  is,  it  is  two  or  three  times  as  great  when  this  diameter 
is  two  or  three  times  as  small. 

I I .  The  elevation  varies  with  the  nature  of  the  liquid,  and  increases 
«  ith  the  temperature.  Thus,  in  tubes  of  the  same  diameter,  petro- 
leum or  alcohol  would  not  rise  half  as  high  as  water. 

67.  Effects  due  to  capillarity.— It  is  from  capillarity  that  sap 
rises  m  plants,  that  oil  rises  in  the  wicks  of  lamps,  and  melted 

allow  m  the  wicks  of  candles.  The  interstices  which  exist  between 
tne  hbres  of  the  cotton  of  which  the  wicks  arc  formed,  act  as  capillary 
tubes  m  which  the  ascent  takes  place.    In  very  porous  bodies  Ihe 
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pores  being  in  communication  witii  each  other  form  a  series  of 
capillary  tubes,  which  produce  the  same  effect.  If  a  lump  of 
sugar  be  placed  in  a  cup  in  which  a  little  coffee  is  left,  the  liquid 
is  seen  to  rise  rapidly  and  fill  the  entire  piece  ;  and  it  is  even  to  be 
remarked  that  the  sugar  then  dissolves  more  quickly  than  if  it  had 
been  directly  immersed  in  the  coffee.  This  is  due  to  the  fact  that 
in  the  latter  case  the  air  which  fills  the  pores,  not  being  able  to 
escape  so  rapidly  as  if  the  piece  of  sugar  is  only  partially  immersed, 
prevents  the- liquid  from  penetrating  into  the  mass  of  the  sugar,  and 
thus  retards  the  solution. 

I  n  pet  roleum  lamps,  the  hquid  by  capillary 
action  rises  in  the  wick  to  a  considerable 
height  above  the  level  in  the  reservoir  ;  olive 
oil,  for  instance,  could  not  be  continuously 
burnt  in  such  a  lamp,  for,  being  more  viscid, 
it  does  not  rise  in  the  capillary  channels 
rapidly  enough  to  feed  the  flame.  In  oil 
lamps,  as  well  as  in  candles,  the  flame  is 
just  above  the  reservoir  of  the  hquid  which 
feeds  them. 

Insects  can  often'  move  on  the  surface  of 
water  without  sinking.  This  is  a  capillary 
phenomenon  caused  by  the  fact  that,  as  their 
feet  are  not  wetted  by  the  water,  a  depression 
is  produced  which  keeps  them  up  in  spite 
of  tlieir  weight.  Similarly  a  sewing  needle 
gently  placed  on  water  does  not  sink,  because  its  surface,  being 
covered  with  an  oily  layer,  does  not  become  wetted.  But  if  pre- 
viously washed  in  alcohol,  or  in  potash,  it  at  once  sinks  to  the  bottom. 

68.  Absorption  and  imbibition.— The  words  absorption  and 
imbibition  are  used  almost  promiscuously  in  physics  ;  they  indicate 
the  penetration  of  a  liquid  or  a  gas  into  a  porous  body.  Absorp- 
tion is  used  both  for  hquids  and  gases,  while  imbibition  is  restricted 

to  hquids.  ir       •  <• 

Charcoal  has  a  great  absorbing  power  for  gases.  If  a  piece  ot 
recently  heated  charcoal  be  passed  into  a  bell  jar  full  of  carbonic 
acid  placed  over  a  mercury  trough  (fig.  58),  the  volume  of  gas  is  seen 
to  diminish  rapidly,  and  it  is  found  that  the  gas  which  has  disap- 
peared in  penetrating  the  charcoal  represents  a  volume  thirty-five 
times  that  of  the  solid.  There  are  even  gases,  such  as  ammonia, 
of  which  charcoal  can  absorb  ninety  times  its  own  volume. 


Fig.58. 
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Absorption  takes  place  in  all  parts  of  plants,  but  more  especially 
in  the  rootlets  and  by  the  leaves.    These  organs  absorb,  in  the 
form  of  water,  carbonic  acid,  and  ammonia,  the  oxygen,  hydrogen, 
•.    carbon,  and  nitrogen  necessary  for  the  growth  of  the  plants. 

Absorption  also  plays  an  important  part  both  in  the  nutrition 
and  respiration  of  animals.  Animal  tissues  can  even  absorb  solid 
substances.  For  instance,  in  those  processes  of  the  arts  where  the 
workmen  have  to  hand]e  salts  of  mercury  or  of  lead,  these  metals 
are  gradually  absorbed  into  the  system  and  produce  serious  evils. 

69.  Effects  due  to  imbibition.— Imbibition  has  been  defined 
as  being  the  penetration  of  a  liquid  into  the  pores  of  a  solid  body. 
It  is  a  capillary  effect,  for  the  pores  being  in  intercommunication 
act  like  small  tubes  ;  thus  it  is  that  water  rises  in  wood,  sponge 
bibulous  paper,  sugar,  sand,  and  in  all  bodies  which  possess  pores' 
of  a  perceptible  size. 

Owing  to  imbibition,  tobacco  soon  dries  if  kept  in  a  wooden 
box,  while  it  remains  fresh  if  kept  in  a  metal  one,  for  then  its 
moisture  is  not  absorbed  by  the  metal  as  it  is  by  the  wood. 

When  water  is  absorbed  by  animal  or  vegetable  matters  their 
volume  increases.  Thus  if  a  tolerably  large  sheet  of  dry  paper  be 
measured  and  be  then  moistened,  it  will  be  found  to  have  appreciably 
increased  by  this  process.  This  property  is  made  use  of  in 
stretching  paper  on  drawing  boards  ;  the  paper  is  moistened  and 
IS  then  glued  or  fastened  with  pins  round  the  edge  of  the  beard 
In  drying,  the  paper  contracts,  and  is  tightly  stretched.  For  the 
same  reason,  too,  wall  papers  which  have  been  fastened  on  cloth 
along  the  walls,  are  frequently  liable  to  be  torn. 

In  bending  wood,  the  side  to  be  bent  is  heated,  and  the  other 
side  moistened.  This  latter  being  lengthened  owing  to  the  water  it 
absorbs,  while  the  former  is  contracted  in  consequence  of  the  dry- 
ness, a  curvature  ensues  on  the  heated  side. 

If  is  often  observed  that,  owing  to  the  changes  of  volume 
which  they  undergo  under  the  influence  of  moisture  and  dryness 
the  furniture  of  our  rooms  is  heard  to  crack  when  the  weather 
changes. 

By  the  absorption  of  moisture  ropes  become  shorter;  and 
i  lengthen  when  they  dry.  This  may  seem  opposed  to  what  has 
been  stated  about  moistened  paper,  but  the  explanation  is  not 
^itticult.  Ropes  are  formed  of  fibres  twisted  together,  and  as  these 
fibres  swell  owing  to  the  water  they  absorb,  the  rope  becomes 
larger,  and  hence  each  fibre  should  make  in  coiling  a  To"  ge 
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circuit  •  and  the  rope  will  become  more  shortened  the  more  it  is 
moistened.  For  this  reason,  too,  new  cloths  shrink  considerably 
when  they  are  moistened  for  the  first  time. 


CHAPTER  VII. 

PROPERTIES  SPECIAL  TO  SOLIDS. 


70  Tenacity  .-Besides  the  general  properties  which  we  have 
hitherto  been  considering,  and  which  are  ^^l/'^^'l ^""^'^'l 
quids  and  gases,  there  are  some  special  to  solids  which  deserve 
mention,  on  account  of  the  numerous  applications  whi.h  they 
pre  nt.  They  are-tenacity,  hardness,  ductihty,  and  malleability. 
^  Tenacity  is  the  resistance  which  bodies  oppose  to  being  broken, 
when  subjected  to  a  greater  or  less  traction  or  stretching  Ihe 
tenacity  of  any  particular  body  is  determined  by  giving  to  1  he 
form  of  a  cylindrical  or  prismatic  rod,  one  end  of  which  is  then 
fi™lv  fixed  L  a  vertical  position  to  a  support.  To  the  lower  end  is 
fixTd  a  scale-pan,  in  which  weights  are  successively  added  until  the 
Îod  breaks.    The  breaking  weight  representsthe  limit  of  the  tenacity 

°^^;ftlf^i::^:ir^^as  the  greyest  tenacity.  A  cylindrical 
iron  rod  with  a  section  of  a  square  centimetre,  only  breaks  with  a 
e  lifofTs.^oo  pounds.  A  rod  of  boxwood,  of  the  same  dimensions 
1  v!  wi  h  a  weieht  of  2,640,  and  one  of  oak  with  1,540  pounds  ; 
a'sSl  ;  ?e  s: pp^^^^^^^^  lold  represented  by  a  weight  of  39,ooo 
im  s  thlt  of  its'o'wn  length  ;  laths  constructed  of  -n  we^^^^^^^ 
\  th  to  ith  of  an  inch  in  diameter,  can  support  a  load  of  60  tons 

^  W  to  tne  ^reaUn, 

inver  ely  proportional  to  the  area  of  a  transverse  scctton  of  the^.v^^ 

v„iÏlMl=  orm  of  the  body.  Thus,  wi.l,  the  same  s«^  »1 
Irèl  a  cylinder  has  greater  tenacity  that,  a  pnsm.   Tlre  quantity 
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of  matter  being  the  same,  a  hollow  cylinder  has  greater  tenacity 
than  a  solid  one. 

The  shape  has  also  the  same  influence  on  the  resistance  to 
crushing,  as  it  has  on  the  resistance  to  traction.  A  hollow  cylinder 
with  the  same  mass,  and  the  same  weight,  offers  a  greater  resistance 
than  a  solid  cylinder.  For  this  reason  the  bones  of  animals,  the 
feathers  of  birds,  the  stems  of  corn  and  other  plants,  offer 
greater  resistance  than  if  they  were  solid,  the  mass  remaining  the 
same. 

71.  Hardness — Hardness  is  the  resistance  which  bodies  offer  to 
being  scratched  or  worn  by  others.  It  is  only  a  relative  property, 
for  a  body  which  is  hard  in  reference  to  one  body,  may  be  soft  in 
reference  to  others.  The  relative  hardness  of  two  bodies  is  ascer- 
tamed  by  trying  which  of  them  will  scratch  the  other.  Diamond  is 
the  hardest  of  all  bodies,  for  it  scratches  all,  and  is  not  scratched  by 
any.  The  hardness  of  a  body  is  expressed  by  referring  it  to  a  scale 
of  hardness  :  that  usually  adopted  is— 

"^^Ic  S-  Apatite  8.  Topaz 

2.  Rock  salt  6.  Felspar  9.  Corundum 

3.  Calcspar  7.  Quartz  10.  Diamond 

4.  Fluorspar 

Thus  the  hardness  of  a  body  which  would  scratch  felspar,  but  would 
be  scratched  by  quartz,  would  be  expressed  by  the  number  6-? 

xhe  pure  metals  are  softer  than  their  alloys.    Hence,  for 

alloyed  with  copper  to  mcrease  their  hardness 

The  hardness  of  a  body  has  no  relation  to  its  resistance  to  com- 
p.ess.0.1.  Glass  and  diamond  are  much  harder  than  wood,  but  the 
latter  offers  far  greater  resistance  to  the  blow  of  a  hammer  Ha  cl 
bod.es  are  often  used  for  polishing  powders  ;  for  example,  e.nery 
pumice,  and  tnpoh.  Diamond,  being  the  hardest  of  all  bodie  can 
only  be  ground  by  means  of  its  own  powder.  ' 

72.  l>uctmty.-Duc///Ùy  is  the  property  owin-  to  which  a 
rp~^  ^'^^"^^^  actton  of  tractio,: 

ten.nr'!'"  ^"'^'u''  'l'^'     '^^y'  SO  ^"ctile  at  ordinary 

the  ud  n       ."^T^  •  '"^^  ^^si"s         glass,  require 

ntofne  H     H  ^°  ^"'^'"^  be  di'awn  out 

-to  fine  threads,  which  are  flexible  enough  to  be  woven  into  doth 

F 
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Several  metals,  such  as  gold,  silver,  copper,  are  ductile,  even  at 
ordinary  temperatures,  but  require  the  use  of  powerful  machmes, 
such  as  the  draw-plate  or  the  rolling-mill. 

73  MalleaDility.— Malleability  is  that  modification  of  ductility 
which  is  exhibited  when  metals  are  hammered.  This  property 
increases  greatly  with  the  temperature  ;  everyone  knows,  for  in- 
stance, that  iron  is  easily  forged  when  hot,  and  not  when  cold. 

Gold  is  very  malleable  even  at  the  ordinary  temperature.  To 
make  the  extremely  thin  plates  of  gold  known  as  gold  leaf,  the  gold 
is  first  pressed,  by  means  of  the  rolling  mill,  into  long  plates  from 
two  or  three  centimetres  in  breadth,  and  about  a  millimetre  (the  ,,th 
of  an  inch)  in  thickness.  These  plates  are  then  beaten  into  small 
squares  by  means  of  a  hammer  ;  these  are  then  cut  and  beaten  again, 
and  so  on.  By  beating  them  directly,  the  operation  could  not  long 
be  continued,  for  the  metal  would  be  torn  :  hence  the  plates  to  be 
beaten  must  be  placed  between  plates  of  a  substance  which,  while 
thin,  affords  great  resistance.  Sheets  of  vellum  and  parchment  are 
first  used  for  this  purpose,  and  afterwards  gold  beata  s  skin. 

Leaves  of  gold  are  thus  obtained,  which  are  so  thin  that  300,000 
superposed  are  only  an  inch  thick.  Silver  and  copper  may  also  be 
worked  in  the  same  manner.  These  leaves  are  used  in  the  arts  for 
gilding  on  wood,  paper,  and  other  materials. 

^  The  following  is  the  usnal  order  of  the  metals  under  the  dra.- 
plate,  the  rolhng  mill,  and  the  hammer,  arranged  in  reference  to 
their  decreasing  ductility. 


Draw-plate. 

Platinum 
Silver 
Iron 
Copper 
Gold 
Zinc 
Tin 
Lead 


Rolling  mill. 

Gold 

Silver 

Copper 

Tin 

Lead 

Zinc 

Platinum 
Iron 


Hammer. 

Lead 

Tin 

Gold 

Zinc 

Silver 

Copper 

Platinum 

Iron 


The  metals  must  be  pure  ;  if  they  are  alloyed  with  other  metals 
they  are  fragile,  and  have  but  little  dxictility. 
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CHAPTER  I. 
PRESSURES  TRANSMITTED  AND  EXERTED  BY  LIQUIDS. 

74-  Province  of  Hydrostatics.— The  sc\Qnce  oî  hydros/afics 
trom  two  Greek  words  ^igmîymgeçiiiliùrùim  ofiuater,  treats  of  the 
conditions  of  the  equilibrium  of  liquids,  and  of  the  pressures  they 
exert,  whether  within  their  own  mass,  or  on  the  sides  of  the  vessels 
in  which  they  are  contained. 

75-  Special  characteristics  of  liquids.— One  essential  charac- 
ter of  a  liquid  is  the  extreme  mobility  of  its  molecules,  which  are 
chsplaced  by  the  slightest  force.  The  fluidity  of  liquids  is  due  to 
this  property  ;  ,t,  however,  is  not  perfect,  there  is  always  a  sufficient 
adherence  between  the  molecules  to  produce  a  greater  or  less 
viscosity. 

Another  essential  property  of  liquids,  and  one  by  which  they 
are  distinguished  from  gases,  is  their  almost  entire  incompressibilité^ 
We  have  already  seen  (5)  that  their  compressibility  is  so  small,  that 
or  a  long  time  they  were  regarded  as  being  quite  incompres  ible. 
t  was  not  before  1833  that  Oersted,  a  Swedish  physicist,  first  proved 
m  an  e.xact  manner  that  liquids  are  compressible.  Tile  apparatus 
he  u  ed  for  this  purpose  is  called  the//...;..,.;-  (Wf^,  I  cimpresT 
^.rpo.,  measure).  By  its  means  it  has  been  found  that  k  pressure  o^ 
one  atmosphere  compresses  distilled  water  by  about  the  -  '  -  n^,t 
of  .ts  volume  ;  mercury  by  the  same  pressure  only  undergoe;  abc^ut 
a  tenth  as  great  a  diminution,  and  ether  about  H  times  Ts  much 
Liquids  are  also  porous,  elastic,  and  in^pcnetrable,  like  all  other 
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bodies.  The  proofs  of  their  porosity  have  been  already  given, 
their  elasticity  is  a  necessary  consequence  of  their  compressibility. 
Their  impenetrability  is  manifested  whenever  a  solid  is  immersed 
in  water.  For  if  a  vessel  be  quite  filled  with  water,  and  any  solid 
body  be  placed  in  it  which  does  not  absorb  the  liquid,  it  will  be 
observed  that  a  volume  of  water  flows  over,  which  is  exactly  equal 
to  that  of  the  solid  immersed. 

76.  Equality  of  pressures.  Pascal's  law. — Liquids  have  the 
following  remarkable  property,  which  is  often  called  '  Pascal's  law,' 
for  it  was  first  enunciated  by  that  distinguished  geometrician. 

Presstire  exerted  anywhere  upon  a  mass  of  liquid  is  transmitted 
tcndiminished  in  all  directions,  and  acts  with  the  same  force  on  all 
equal  surfaces,  and  in  a  direction  at  right  angles  to  those  sur- 
faces. 

To  get  a  clearer  idea  of  the  truth  of  this  principle,  let  us  conceive 
a  cylindrical  vessel,  in  the  sides  of  which  are  placed  various  cylin- 
drical tubulures,  all  of  the  same 
size,  and  closed  by  movable 
pistons  (fig.  59).  The  vessel 
being  filled  with  water,  or  any 
other  liquid,  the  moment  any 
pressure  is  applied  to  the  piston 
A,  all  the  other  pistons  are 
pressed  outwards,  showing  that 
the  pressure  is  not  merely  trans- 
mitted downwards  upon  the 
piston  D,  but  laterally  upon  the 
pistons  E  and  F,  and  upwards 
upon  the  pistons  B  and  C.  If, 
instead  of  pressing  on  the  piston 
Fig.  3g.  A,  the  pressure  be  exerted  upon 

B,  the  same  effects  are  produced  ;  the  piston  A  is  then  forced 

upwards.  ...  j  • 

In  these  different  cases,  not  only  is  the  pressure  transmitted  m 
all  directions,  but  for  the  same  surface  it  is  transmitted  with  the 
same  intensity.  For  instance,  if  the  pressure  on  the  piston  A  is 
twenty  pounds,  and  its  surface  is  equal  to  that  of  the  piston  B  the 
upward  pressure  on  the  latter  is  also  twenty  pounds  ;  but  if  the 
surface  of  the  piston  B  is  only  a  twentieth  that  of  A,  the  pressure 
upon  B  is  only  one  pound.  This  is  the  principle  of  ///.•  equality  of 
pressure. 


-78]     Pressures  resulting  from  Weight  of  Liquids.  6g 

yj.  Consequence  and  verification  of  Pascal's  principle. — It 

follows  from  what  has  been  said,  that  the  pressure  transiiiitted  by  a 
liquid  is  proportional  to  t/ie 


extent  of  surface  ;  this  is  in- 
deed only  another  enuncia- 
tion of  Pascal's  principle. 

To  verify  this,  two  cylin- 
ders are  taken  of  unequal 
dimensions,  joined  by  a  tube 
(fig.  60).  These  cylinders 
contain  water,  and  are  pro- 
vided with  pistons  which  '^'S' 
move  in  them  with  gentle  friction.  Now  if  the  surface  of  the  larger 
one,  P,  for  instance,  is  twenty  times  that  of  the  smaller  one,  p,  it 
will  be  found  that  a  weight  of  a  pound  placed  upon  p  will  balance 
a  weight  of  twenty  pounds  placed  upon  P  ;  if  these  weights  are  in 
any  other  ratio,  equilibrium  is  destroyed. 

The  principle  of  the  equality  of  pressures  forms  the  basis  of  the 
whole  science  of  hydrostatics,  and  we  shall  presently  find  a  very 
important  application  of  it  in  the  hydraulic  press  (83). 

78.  Pressures  resulting:  from  the  weight  of  liquids. — In 
what  has  been  said,  we  have  considered  the  pressures  transmitted 
towards  the  sides  of  the  vessel,  when  some  external  force  is  applied. 
It  is  not,  however,  necessary  to  exert  an  external  pressure  on  the 
surface  of  a  liquid  in  order  to  produce  internal  pressures  in  its  mass, 
and  on  the  sides  of  the  vessel.  The  mere  weight  of  the  liquid 
itself  is  sufficient  to  produce  pressures,  which  vary  with  the  depth 
and  with  the  density  of  the  liquid. 

For  suppose  any  vessel  filled  with  liquid  ;  if  we  conceive  the 
liquid  divided  into  horizontal  layers  of  equal  thickness,  it  is  clear 
that  the  second  layer  supports  a  pressure  equal  to  the  weight  of  the 
first  ;  that  the  third  supports  the  weight  of  the  first  and  second,  and 
so  on  ;  so  that  the  pressure  increases  with  the  number  of  layers, 
which  IS  expressed  by  saying  WitxI  gravity  produces  in  liquids  pres- 
sures proportional  to  the  depth. 

It  is  obvious,  moreover,  that  these  pressures  are  proportional  to 
the  densities  of  the  liquids  ;  that  is,  that,  for  the  same  depth,  a  liquid 
which  has  two  or  three  times  the  density  of  another  will  exert  twice 
or  thrice  as  much  pressure. 

It  follows  from  the  principle  of  the  equality  of  pressure  in  all 
directions,  that  the  pressure  produced  by  gravity  in  liquids  is  exerted 
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not  merely  in  the  direction  of  this  force,  but  horizontally,  and  also 
iip-wards,  as  will  now  be  demonstrated. 

79.  Iiateral  pressures.  Hydr&ulic  tourniquet.- — The  existence 
of  piessm^es  which  liquids  exert  upon  the  sides  of  the  vessel  in 

which  they  are  contained,  or 
lateral  pressures,  may  be  de- 
monstrated by  means  of  the 
liydraulic  toiirniquet  or  Ba7-- 
kefs  mill  (fig.  61).  This 
consists  essentially  of  a  long 
glass  tube,  C,  with  a  funnel, 
U,  at  the  top.  The  bottom 
of  the  tube  fits  into  a  hollow 
brass  box,  which  rests  on  a 
pivot  ;  in  the  sides  of  the  box 
are  fitted  four  brass  tubes, 
arranged  crosswise,  and  all 
bent  in  the  same  direction  at 
the  ends. 

Water  descending  the  long 
tube  emerges  by  the  aper- 
tures of  the  bent  tubes,  which 
are  soon  seen  to  rotate  rapidly 
in  the  direction  indicated  by 
the  arrow.  This  rotation  is 
due  to  the  lateral  pressure 
exerted  by  the  colunm  of 
water  in  the  long  tube.  For 
let  us  consider  one  of  the 
bent  tubes,  ^7A,  V,b,  repre- 
sented in  section  on  the  left 
(fig.  61),  and  suppose  first 
that  the  orifices,  a  and  h,  are 


Fig.  61. 


closed.  The  column  of  water  which  then  fills  the  tube  C,  exerts 
upon  the  portions  of  the  opposite  sides,  A  and  a,  equal  and  contrary 
pressures  which  hold  each  other  in  equilibrium  ;  this  is  also  the 
case  at  B  and  b,  and  thus  no  rotation  can  be  produced  in  either 
direction.  But  if  the  orifices  a  and  b  are  open,  as  is  the  case  when 
the  apparatus  is  at  work,  as  the  water  issues  by  these  orifices,  the 
pressures  at  a  and  b  no  longer  exist  ;  while  those  transmitted  to  A 
and  B,  continuing  to  act,  produce  the  rotation. 
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Rotating  fireworks  also  act  on  the  same  principle  as  Barker's 
mill  ;  that  is,  an  unbalanced  reaction  from  the  heated  gases  which 
issue  from  openings  in  them  gives  them  motion  in  the  opposite 
directions. 

It  is  in  consequence  of  the  lateral  pressure  of  water  that  dykes 
and  banks  which  retain  rivers  or  reservoirs,  sometimes  give  way 
by  becoming  too  weak  for  the  pressure  they  have  to  support. 

80.  Vertical  upward  pressure. — The  pressure  which  the 
upper  layers  of  a  liquid  exert  on  the  lower  layers  causes  them  to 
exert  an  equal  reaction  in  an  upward  direction,  a  necessary 
consequence  of  the  principle  of  transmission  of  pressure  in  all 
directions. 

The  following  experiment  (fig.  62)  serves  to  exhibit  the  upward 
pressure  of  liquids.  A  large  open 
glass  tube,  one  end  of  which  is 
ground,  is  fitted  with  a  ground 
glass  disc,  a,  or  still  better,  with  a 
thin  card  or  piece  of  mica,  the 
weight  of  which  may  be  neglected. 
To  the  disc  is  fitted  a  string,  b,  by 
which  it  can  be  held  against  the 
bottom  of  the  tube.  The  whole 
is  then  immersed  in  water,  and 
the  diic  does  not  fall,  although  110 
longer  held  by  the  string  ;  it  is 
consequently  kept  in  its  position 
by  the  upward  pressure  of  the 
water.  If  water  be  now  slowly 
poured  into  the  tube,  the  disc  will 
only  sink  when  the  height  of  the  water  inside  the  tube  is  equal  to 
the  height  outside.  It  follows  thence  that  the  upward  pressure  on 
the  disc  is  equal  to  the  pressure  of  a  column  of  water,  the  base  of 
which  is  the  internal  section  of  the  tube  and  the  height  the  dis- 
tance from  the  disc  to  the  outer  surface  of  the  liquid.  Hence  the 
upward  pressure  of  liquids  at  any  point  is  governed  ly  the  same 
laws  as  the  doivmvard  pressure. 

This  upward  pressure  is  termed  the  buoyancy  of  liquids  •  it  is 
perceived  when  the  hand  is  plunged  into  water,  and  still  more  dis- 
tinctly if  :t  is  immersed  in  mercury,  which  being  of  greater  densitv 
produces  greater  pressure.  It  is  owing  to  this  buoyancy  that  if'-i 
leak  be  produced  in  the  bottom  of  a  ship,  water  enters  with  force 


Fig.  62. 
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8l.  Pressure  is  independent  of  the  sliape  of  the  vessel. — The 

pressure  exerted  by  a  liquid,  in  virtue  of  its  weight,  on  any  portion 
of  the  liquid,  or  on  the  sides  of  the  vessel  in  which  it  is  contained 
depends  on  the  depth  and  density  of  the  liquid,  but  is  indcpoident 
of  the  shape  of  the  vessel  and  of  the  quantity  of  the  liquid. 

This  principle,  which  follows  from  the  law  of  the  equality  of 
pressure,  may  be  experimentally  demonstrated  by  many  forms  of 
apparatus.  The  following  is  one  frequently  used,  and  is  due  to 
Masson.  It  consists  of  a  large  conical  vessel,  M,  screwed  to 
a  brass  tubulure,  c,  fixed  to  a  wooden  support  (fig.  63).  This 
tubulure  is  closed  by  a  disc,  a,  which  does  not  adhere  to  it,  but  is 


Fig.  63. 

simply  applied  against  the  edge,  and  is  kept  there  by  a  string 
attached  to  one  end  of  an  ordinary  balance,  to  the  other  end  of 
which  is  a  scale-pan.  Weights  are  placed  in  the  latter,  so  as  just 
to  counterbalance  the  pressure  of  the  water  on  the  disc,  when  the 
vessel  M  is  almost  full  ;  water  is  then  gradually  added  until  the 
disc  just  begins  to  give  way  and  allows  some  to  escape.  A  rod, 
(7,  is  then  lowered  until  its  point  just  grazes  the  surface  of  the 
liquid.  If  the  vessel  M  be  unscrewed  and  replaced  by  the 
cylindrical  tube,  P,  the  capacity  of  which  is  far  less,  on  gradually 
pouring  water  in,  the  moment  the  level  of  the  liquid  just  touches 
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the  point  of  the  rod,  o,  the  disc,  a,  begins  to  allow  some  water  to 
escape.  The  same  result  ensues  if  for  the  straight  tube,  P,  the 
inclined  one,  O,  be  substituted.  In  these  three  cases,  therefore,  pro- 
vided the  height  of  the  liquid  is  the  same,  the  pressure  on  the  disc, 
a,  is  the  same,  whatever  be  the  shape  and  capacity  of  the  vessels. 

Moreover,  the  weight  which  has  to  be  put  on  the  scale  pan  to 
establish  equihbrium  shows  that  the  pressure  exerted  by  the  liquid 
is  equal  to  the  weiglit  of  a  column  of  ivater  the  base  of  which  is 
the  internal  section  of  the  tubulure,  c,  and 
the  height  the  vertical  distance  from  the 
disc  to  the  sjtrfice  of  the  liquid. 

This  principle  is  sometimes  called  the 
hydrostatical paradox,  {or  first  sight  it 
seems  quite  impossible. 

82.  Pascal's  experiment.  —  Pascal 
made  the  following  experiment,  which 
proves  what  great  pressures  may  be  pro- 
duced by  even  small  quantities  of  liquid 
when  contained  in  vessels  of  great  height. 
He  fi,\ed  firmly  in  a  stout  cask,  as 
represented  in  fig.  64,  a  very  narrow  tube 
about  30  feet  in  height,  and  then  filled 
the  cask  and  the  tube  with  water.  The 
effect  of  this  was  to  burst  the  cask  ;  for 
there  was  a  pressure  on  the  bottom  of 
the  cask  equal  to  the  weight  of  a  column 
of  water  whose  base  was  the  bottom 
itself,  and  whose  height  was  equal  to  that 
of  the  water  in  the  tube  (81). 

83.  Hydraulic  press. — The  law  of  the 
equality  of  pressure  has  received  a  most 
important  application  in  the  hydraulic 
press,  a  machine  by  which  enormous 
pressures  may  be  produced.  Its  principle 
is  due  to  Pascal,  but  it  was  first  con- 
structed by  Bramah  in  t796. ' 

Fig.  65  represents  an  elevation,  and 
fig.  66  a  section  of  the  instrument  ;  it 
consists  of  two  iron  cylinders  or  barrels, 

diameters.  In  the  barrel  A,  which  is  of  very  small  diameter,  is  a 
cyhndrical  rod,  a,  which  acts  as  piston  and  can  be  moved  up  and 


Fig.  04. 

A  and  B,  of  unequal 
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dovvn  by  the  lever,  0.  In  the  cylinder,  B,  the  internal  diameter  of 
which  is  1 2  to  15  times  that  of  the  barrel,  A,  is  a  long  cylindrical 
iron  ram,  C,  which  also  forms  a  piston,  and  works  water-tight  in 
the  barrel  B.  On  the  top  of  the  ram,  C,  is  an  iron  slab,  K,  which 
rises  and  falls  with  it.  Four  wrought-iron  columns  support  a 
second  plate,  MN,  which  is  fixed.  The  objects  to  be  pressed  are 
placed  between  K  and  MN. 


l''ig-  65. 

When  the  piston  is  raised  by  means  of  the  lever,  a  vacuum  is 
produced  in  the  barrel  A,  and  a  valve,  S,  at  the  bottom  ojoens  and 
allows  water  to  pass  from  a  reservoir,  P,  into  the  barrel.  When 
«  re-descends,  the  valve,  S,  closes  ;  but  another  valve,  placed 
at  the  bottom  of  the  tube  opens;  the  water  is  thus  forced  by 
this  tube  into  the  large  cylinder,  B.  At  the  next  stroke  of  ti  e 
piston,  a,  a  fresh  quantity  of  water  is  drawn  from  tlic  reservoir,  1 , 
and  forced  into  the  barrel  B,  and  so  forth. 
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In  consequence  of  the  principle  of  the  equahty  of  pressure,  the 
downward  pressure  exerted  by  the  small  piston,  a,  is  transmitted 
upwards  upon  the  piston  C.  The  pressure  which  can  be  obtained 
depends  on  the  relation  between  the  size  of  the  piston  C  and  that  of 
the  piston  a.  If  the  former  has  a  transverse  section  fifty  or  a  hun- 
dred times  as  large  as  the  latter,  the  upward  pressure  on  the  large 
piston  will  be  fifty  or  a  hundred  times  that  exerted  upon  the  small 
one.  By  means  of  the  lever,  O,  an  additional  advantage  is  ob- 
tained. If  the  distance  from  the  fulcrum  to  the  point  where  the 
power  is  applied  is  five  times  the  distance  from  the  fulcrum  to  the 
piston,  a,  the  pressure  on  a  will  be  five  times  the  power  (34). 


Fig.  66. 

Thus,  if  a  man  acts  on  O  with  a  force  of  sixty  pounds,  the  force 
transmitted  by  the  piston  rt  will  be  300  pounds,  and  the  force  which 
tends  to  raise  the  piston  C  will  be  30,000  pounds,  supposing  the 
section  of  C  is  a  hundred  times  that  of  a. 

The  hydraulic  press  is  used  in  all  cases  in  which  great  pressures 
are  required.  It  is  used  in  pressing  cloth,  in  extracting  the  juice 
of  beet  root,  in  expressing  oil  from  seeds,  and  in  pressing  apples  in 
making  cider  ;  it  also  serves  to  test  the  strength  of  cannon,  of 
steam  boilers,  and  of  chain  cables.  The  parts  composing  the 
tubular  bridge  which  spans  the  Menaii  Straits  were  raised  by 
means  of  an  hydraulic  press.  The  cylinder  of  this  machine,  the 
largest  which  has  ever  been  constructed,  was  nine  feet  long  and 
twenty-two  inches  in  internal  diameter  ;  it  was  capable  of  raising  a 
weight  of  two  thousand  tons. 
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CHAPTER  II. 

EQUILIBRIUM  OF  LIQUIDS. 

84.  Conditions  of  the  equilibrium  of  liquids.— We  have  seen 
that  the  conditions  of  the  equililDrium  of  a  sohd  are  that  its  centre 
of  gravity  be  supported  by  a  fixed  point  ;  all  the  other  parts  of  the 
body  then  retain  the  same  state  of  equilibrium  in  consequence  of 
cohesion,  which  unite  the  particles  to  each  other,  and  to  the  centre 
of  gravity.  This  is  by  no  means  the  case  with  liquids  ;  owing  to 
the  greater  mobility  of  their  molecules,  and  the  facility  with  which 
they  obey  the  force  of  gravity,  they  would  flow  away  and  spread 
out  in  a  horizontal  position,  if  they  were  not  retained  by  some 
obstacle.  Hence  a  hquid  cannot  be  at  rest  in  any  vessel,  unless  it 
satisfies  the  following  conditions  : — 

I.  The  free  surface  of  the  liquid  must  be  horizontal,  that  is, 
perpendicular  everywhere  to  the  direction  of  gravity. 

II.  Every  molecule  of  the  mass  of  the  liquid  must  be  subject  in 
every  direction  to  equal  and  contrary  pressures. 

The  second  condition  is  self  evident  ;  for  if,  in  two  opposite 
directions,  the  pressures  exerted  on  any  given  molecule  were  not 
equal  and  contrary,  the  molecule  would  be  moved  in  the  dnection 
of  the  greater  pressure,  and  there  would  be  no  equilibrium.  Thus 
the  sec^'ond  condition  follows  from  the  principle  of  the  equahty  of 

pressures  and  from  the  reaction  which 
all  pressure  causes  on  the  mass  of 
liquids. 

To  account  for  the  first  condition 
relative  to  the  free  surface  ofthehquid, 
let  us  observe  that  in  a  liquid  whose 
surface  is  horizontal,  all  the  molecules 


d." 

0 

supporting  each  other,  the  action  of 
gravity  is  destroyed,  and  the  liquid  is  at  rest  But  if  the  svuface 
îs  not  horizontal,  if  some  parts  are  higher  than  ^'"^^^ 
the  higher  part,  ab,  exerts  upon  any  horizontal  layer,  bd,  a  greater 
pressure  than  Âe  part  cd,  and  therefore  as  a  given  molecu  e  . 
of  the  horizontal  layer  is  exposed  to  a  greater  pressure  m  the 
direction  bo  than  in  the  direction  do,  equilibrium  is  impossible. 
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In  saying  that  in  order  that  a  hquid  be  at  rest  its  surface  must 
be  horizontal,  we  must  remark  that  that  presumes  the  Hquid  only 
to  be  acted  upon  by  gravity,  which  is  usually  the  case  ;  if  it  is 
under  the  action  of  other  forces,  as  is  the  case  with  the  capillary 
phenomena  (65),  where  it  is  attracted  by  the  sides  of  the  vessel,  its 
surface  is  then  inclined  so  as  to  be  perpendicular  to  the  resultant  of 
the  forces  which  act  upon  it. 

85.  iievel  of  liquids. — A  hquid  is  said  to  be  level  when  all  the 
points  of  its  surface  are  in  the  same  horizontal  plane.  This,  how- 
ever, only  applies  to  surfaces  of  small  extent.  For  as  the  direction 
of  the  vertical  constantly  changes  from  one  place  to  another  on  the 


Fig.  68. 

surface  of  the  globe,  the  direction  of  the  horizontal  surfaces  changes 
too  ;  that  is  to  say,  that  a  plane  which  is  horizontal  at  one  part  of 
the  earth's  surface  is  not  parallel  to  a  horizontal  plane  at  a  small 
distance  ;  they  form  an  angle  with  each  other.  Hence  a,  liquid 
surface  of  some  extent  in  a  state  of  equilibrium,  being  necessarily 
horizontal  in  each  of  its  parts,  does  not  form  one  single  perfectly 
plane  surface,  but  a  series  of  plane  surfaces  inclined  to  each  other  ; 
which  of  course  produces  a  curved  surface.  This  curvature  cannot, 
however,  be  perceived  on  surfaces  of  small  extent,  as  in  water 
contained  in  a  vessel  ;  for  the  surface  of  such  a  liquid  is  so  per- 
fectly level  that  it  reflects  the  rays  of  light  like  the  most  per- 
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fectly  polished  plane  mirror.  The  curvature  is,  however,  easily 
observed  on  large  surfaces  like  those  of  the  sea.  For  if  this  surface 
were  perfectly  level,  a  ship  in  sailing  away  from  the  shore  would 
only  cease  to  be  visible  in  consequence  of  increasing  distance,  and 
the  less  apparent  parts,  the  masts  and  the  cordage,  would  disappear 
first.  This,  however,  is  not  the  case  ;  the  hull  first  sinks  below  the 
horizon,  then  the  lower  part  of  the  masts,  and  ultimately  the  top,  as 
seen  in  fig.  68,  thus  proving  the  curvature  of  the  surface  of  the  sea. 

86.  True  and  apparent  level.— When  we  consider  a  great 
surface  of  water— the  Mediterranean  Sea,  for  instance— its  surface 
is  said  to  be  level  when  all  points  of  the  surface  are  equidistant 
from  the  centre  of  the  earth.  This  is  the  true  level  ;  while  that 
level  which  is  defined  as  having  all  the  points  of  its  surface  in  the 
same  horizontal  plane,  is  the  apparent  level,  the  level  for  the  eye. 
The  true  level  only  coincides  with  the  apparent  level  when  the  hquid 
surfaces  are  very  small.  If  the  earth  did  not  rotate  about  its  own 
axis,  the  surface  of  all  seas  would  form  a  true  level  ;  but  owing  to  the 
centrifugal  force  which  results  from  its  daily  motion,  the  surface -is 
heaped  up  at  the  equator,  and  the  level  is  higher  than  at  the  poles. 

87.  Equilibrium  of  tHe  same  liquid  in  several  communi- 
cating vessels.-Not  merely  do  liquids  tend  to  become  level 


Fig.  69. 

When  they  are  placed  in  the  same  vessel  but 

placed  in  vessels  which  communicate  with  each  othei.  WhatcNer 
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the  shape  and  the  dimensions  of  these  vessels,  equilibrium  will 
exist  lohen  the  surfaces  of  the  liquids  in  all  the  vessels  are  in  the 
same  horizontal  plane. 

This  principle  may  be  demonstrated  by  means  of  the  apparatus 
represented  in  fig.  69.  It  consists  of  a  series  of  vessels  of  different 
shapes  and  capacities  connected  together  by  a  common  horizontal 
tubulure.  When  water  or  any  other  liquid  is  poured  into  the 
vessel,  the  level  is  seen  to  rise  at  the  same  time,  and  stop  at 
exactly  the  same  height  in  each.  Equilibrium  is  then  established. 
For  as  we  have  seen  that  the  pressures  exerted  by  a  liquid  do  not 
depend  upon  its  quantity  but  upon  its  height  (81),  when  this  is 
the  same  for  all  the  vessels  above  the  tube  of  communication  abc, 
the  pressure  is  necessarily  everywhere  equal,  and  therefore,  as  the 
liquid  has  no  more  tendency  to  flow  from  b  towards  a  than  from 
b  to  c,  equilibrium  continues. 

88.  Equilibrium  of  different  liquids  in  communicating- 
vessels.— In  what  has  been  said  the  communicating  vessels  all 


8o  On  Liquids.  _  [88- 

The  level  is  then  no  longer  the  same  ;  the  lighter  liquids  are 
hio-her  and  equilibrium  is  only  possible  when  the  heights  of  the 
liquid  columns  in  communication  are  inversely  as  their  densities; 
that  is,  that  if  one  of  the  liquids  is  twice  or  thnce  as  dense  as 
another,  its  height  will  be  half  or  one-third  as  much. 

This  principle  is  demonstrated  experimentally  by  means  of  the 
apparatus  represented  in  fig.  70.  It  consists  of  two  glass  tubes 
cmmected  at  the  bottom  by  a  narrow  tube.  The  tubes  are  sup- 
ported by  two  vertical  columns,  and  on  each  of  them  is  a  scale 
graduated  on  the  glass  itself  If  then  mercury  is  poured  into  one 
of  the  tubes,  it  quickly  assumes  the  same  level  in  each.  On  now 
pouring  water  into  the  tube  A,  the  level  of  the  mercury  is  seen  to 
sink  in  this  tube  owing  to  the  pressure  of  the  water,  and  it  nses 
in  the  other  tube.  Then,  when  equilibrium  is  estabhshed  the 
mercury  in  B  is  higher  than  in  .the  tube  A  by  a  quantity,  cd  It 
i3  clear,  then,  that  the  pressure  of  the  column  of  mercury,  cd  counter- 
balances the  pressure  of  the  column  of  water,  ab.  If  now  the 
e  .hts  of  ab  Ld  cd  be  measured  by  means  of  the  graduated  scales 
on°the  two  tubes,  it  will  be  ' found  that  the  height  al  is  13-6  as 

small  as  that  oî  ab  ;  which  demonstrates 
the  above  principle,  for  we  shall  presently 
see  that  mercury  is  13-6  times  as  heavy 
as  water. 

89.  Equilitorium  of  superposed 
liquids.— In  order  that  there  should  be 
equilibrium  when  several  heterogeneous 
liquids  which  do  not  mix  are  superposed 
in  the  same  vessel,  each  of  them  must 
satisfy  the  conditions  necessary  for  a  single 
iuliqd  ;  and  further,  the?'e  will  be  a  stable 
equilibrium  only  when  the  liquids  arc 
arranged  in  the  order  of  their  decreasing 
densities  from  the  bottom  upwards. 

The  last  condition  is  experimentally 
demonstrated  by  means  of  the  phial  of 
'  four  elements  (fig.  70-    1^  consists  of  a 
long  narrow  bottle  containing  mercuiT, 
water  saturated  with  carbonate  of  potass, 
a,co„o.  coloured  ved.  a.<.  pcrolc»,  ^^f^^J^J^X 


Fig.  71- 
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alcohol,  and  then  the  petroleum.  This  is  the  order  of  the  decreasi- 
mg  densities  of  the  bodies.  The  water  is  saturated  with  carbonate 
of  potass  to  prevent  its  mixing  with  the  alcohol. 

This  separation  of  the  liquids  is  due  to  the  same  causes  as  that 
which  enables  solid  bodies  to  float  on  the  surface  of  a  liquid  of 
greater  density  than  their  own.  In  like  manner  fresh,  water,  at 
the  mouths  of  rivers,  floats  for  a  long  time  on  the  denser  salt:water 
of  the  sea  ;  and  for  the  same  reason  cream,  which  ia  lighter  thai! 
milk,  rises  to  the  surface. 


APPLICATIONS  OF  THE  PRINCIPLE  OF  THE  EQUILIBRIU.M 
OF  LIQUIDS. 

90.  Water  level. — In  a  great  number  of  operations,,  such  as  the 
construction  of  canals,  railways,  roads,  etc.,  it  is  frequently  neces- 
sary to  determine  the  difference  in  level  of  two  more  or  less  distant 
places.    The  simplest  apparatus  for  this  purpose  is  the  water  level, 


Fig.  72; 

which  is  an  application  of  the  conditions  of  equilibrium  in  commimi- 
catmg  vessels.  It  consists  of  a  metal  tube  bent  at  both  ends,  in 
which  are  fitted  glass  tubes  (fig.  72).  It  is  placed  on  a  tripod,  and 
water  poured  m  the  tube  unless  it  rises  in  both  limbs.  When,  the 
liquid  IS  af  rest,  the  level  of  the  water  in  both  tubes  is  the  same— 
that  IS,  they  are  both  in  the  same  horizontal  plane. 

This  instrument  is  used  in  levelling,  or  ascertaining  how  much 
one  point  is  higher  than  another.    If,  for  exampfe,  it  is  desired  to 
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The  a.is.a«  then  -''^/'f,  ™  t 

t  r  M  :o7*  TaS   s  »bt   c.^^  S  ,ha.  of  ,„e  former,  and  .he 

91.  spirit  level.- I  he  spn  u  „„„sists  of  a  glass  tube 


f  n  hnhble  of  air,  which  tends  to  occupy  the  highest  part, 
caption  of  a  ^^"^^  J         '  „  .^^^  .^hjch  is  so  arranged  that,  when 

rcrîh:tirer::r;ite;vns:Lh„., ..m. 

a  reaT^r  of  a,ce«a,„i„,  wh^,e.  a„v 

•  1       Twe  a  Stand  or  a  bookshelf-is  quite  horizontal 

..:^:Lco.e.^.-p--~ 

92.  Tets  «^-^*7--y,;'4tdency  of  liquids  always  to  become 
public  l^-es  depend  o^^t^h^^  ^  llways'comes  from  a  reservoir 
level.    For  the  water  wm^'  .    j  j^^ting 

placedinahigherpos.  .on^^^^^^^^^  Fig.  74  gives  an 

is  a  consequence  of  '^s  tende  cy  ^^^^  ^^^^     ^he  figure 

idea  of  this  phenomenon.    On      em  ,,hich  passes  a 

is  a  reservoir  containing  watei,  fi om  the 
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tube  which  terminates  in  the  centre  of  the  basin.  The  water  then 
jets  out,  forced  by  the  pressure  of  a  column  of  water,  the  height  of 
which  is  equal  to  the  difference  in  level  between  the  reservoir  and 
the  basin. 


Fig.  74- 

Theory  proves  that  in  such  a  case  the  water  always  tends  to 
rise  to  the  level  of  the  reservoir  from  which  it  is  suppHed.  It  never 
attains  this  height,  for  the  jet  experiences  three  kinds  of  resistances  : 
I  St,  the  friction  of  the  water  in  the  conduit  pipe  ;  2nd,  the  resist- 
ance of  the  air  ;  and  3rd,  the  hindrance  offered  by  the  particles 
falling  from  the  top  of  the  jet,  upon  those  ascending. 

93-  streams,  spring-s,  wells.— The  formation  of  springs  upon 
the  surface  of  the  earth,  and  in  its  interior,  is  also  due  to  the  tendency 
of  water  to  seek  its  level.    For  gravity  causes  water  to  flow  from 
higher  to  lower  places.    Hence  it  is  that  the  rain  which  falls  upon 
the  earth,  and  the  water  arising  from  the  melting  of  snow,  pass 
down  to  the  valleys,  where  they  form  brooks,  streams,  and  rivers 
which  flow  along  their  beds  as  along  an  inclined  plane,  until  they 
eiiierge  mto  the  seas.    A  very  small  fall  can  give  rise  to  a  current 
Ihus  the  mean  height  of  the  Seine  at  Paris  is  not  more  than 
yards  above  the  sea-level.    The  extent  of  its  course  between  these 
two  points  IS  about  224  miles,  which  scarcely  amounts  to  a  fall  of 

G  2 
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the  3^5*  part  of  an  inch  in  a  yard  ;  and  water  requires  several  days 
to  traverse  this  distance.  . 

All  the  rain  which  falls  does  not  flow  upon  the  surface  ,  pait  of 
it  penetrates  into  the  earth,  and  gives  rise  to  small  subterranean 
watercourses  which  are  called  springs.  It  is  in  order  to  procure 
water  from  these  that  wells  are  sunk. 

94.  Artesian  wells.-When  the  spring  which  feeds  a  well  come 
from  a  place  much  higher  than  that  where  the  well  -  -^^'^^ 
happen  that  water  tends  to  rise  higher  than  '"^-^'^^^^^^..^^^ 
the  case  in  what  are  called  Artesta^i  wells.    These  wells  derne 


Fig.  75- 

their  name  from  the  province  of  Artois,  where  it  has  long  been  cus- 
A\<r  them  and  from  whence  their  use  m  other  paits  oi 

FrTZe  l^d  Eu  opT'was  derived.  ..  seems  howevev,  .ha,  a.  a  very 
France  ano  tu  Ji  (-,^1^^  Egypt. 

ran.-watei  fallmg  m         P  ^^.^^  ^^^^^  ^^^^^^^^ 

ii:..;;r  na»:*..  -  ^--^-i;  f  err::;:: 

r:betri'gIl.n;*e„a,e,s.rivi„».oregai„icsle,e,wn.^ 
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out  to  a  height  which  depends  on  the  difference  between  the  levels 
of  the  outcrop  and  of  the  point  at  which  the  perforation  is  made. 

The  waters  which  feed  Artesian  wells  often  come  from  a  distance 
of  sixty  or  seventy  miles.  The  depth  varies  in  different  places. 
The  well  at  Grenelle  is  i,8co  feet  deep  ;  it  gives  656  gallons  0/ 
water  in  a  minute,  and  is  one  of  the  deepest  and  most  abundant 
which  has  been  made.  The  temperature  of  the  water  is  27°  C.  It 
follows  from  the  law  of  the  increase  of  temperature  with  the  in- 
creasing depth  below  the  surface  of  the  ground  (299),  that,  if  this 
well  were  210  feet  deeper,  the  water  would  have  all  the  year  round 
a  temperature  of  32°  C,  that  is,  the  ordinary  temperature  of  warm 
baths. 


CHAPTER  III. 

PRESSURES  SUPPORTED  BY  BODIES  IMMERSED  IN  LIQUIDS. 
SPECIFIC  GRAVITIES.  AREOMETERS. 


95.  Pressure  supported  by  a  body  immersed  In  a  liquid. — 

When  a  solid  is  immersed  in  a  liquid,  it  is  obvious  that  the  pressures 
which  the  sides  of  the  vessel  support  are  also  exerted  against  the 
surface  of  the  body  immersed,  since  hquids  transmit  pressure  in 
all  directions  (76).  But  it  is  readily  seen  that  the  pressures  which 
the  immersed  body  supports  do  not 
neutralise  themselves,  but  have  a  re- 
sultant, the  tendency  of  which  is  to 
move  the  body  upwards. 

Let  us  imagine  a  cube  immersed  in 
a  mass  of  water  (fig.  76),  and  that  four 
of  its  edges  are  vertical.  The  horizontal 
pressures  upon  the  two  opposite  faces, 
a  and  are  clearly  of  the  same  inten- 
sity, for  they  are  exerted  at  the  same  - 
depth  (78)  ;  and  as  they  are  in  opposite  " 
directions  they  will  balance  one  an- 
other, and  the  only  effect  will  be  to  com- 
press the  body  without  displacing  it. 

But  the  vertical  pressures  on  the  faces  ,/and  c  are  obviously  un- 
equal. The  first  IS  pressed  downwards  by  a  column  of  water  whose 
base  IS  the  face  d,  and  whose  height  is  dn,  the  lower  face  c  is  pressed 


Fig.  76- 
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upwards  by  the  weight  of  a  column  of  water  whose  base  is  the  face 
itself,  and  whose  height  is  cn.  The  cube,  therefore,  is  urged  up- 
wards by  a  force  equal  to  the  difference  between  these  two  pressures, 
which  latter  is  manifestly  equal  to  the  weight  of  a  column  of  wa  er 
having  the  same  base  and  the  same  height  as  this  cube.  By  this 
easofing,  therefore,  we  arrive  at  the  remarkable  pnnaple,  that  any 

tody  inZrseci  .n  a  l><l-i^  -  Pressed j.p^ar^^^^^ 

to  the  weight  of  the  volume  of  liqmd  which  tt  dtsplaus.    We  shall 

see  how  this  principle  can  be  experimentally  verified. 

06  principle  of  Archimedes.    Hydrostatic  balance.-\\  e 

have  Aus  seen  that  any  body  immersed  in  a  liquid  is  submitted  to 


Fig.  77- 

u  two  forces-gravity  which  tends  to  make  it  sink,  and 
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its  weight  equal  to  the  weight  of  the  displaced  liquid.  For  instance, 
suppose  that  a  body  which  in  air  weighs  1,000  grains,  when  im- 
mersed in  water  displaces  a  cubic  inch  of  water  ;  it  will  now  only 
weigh  1,000-252  =  748  grains  (a  cubic  inch  of  water  =  252  grains). 

This  principle,  which  is  remarkable  for  its  numerous  applications, 
is  called  the  '  principle  of  Archimedes,'  after  the  discoverer.  It  is 
shown  experimentally  by  means  of  the  hydrostatic  balance  (fig.  77). 
This  is  an  ordinary  balance,  each  pan  of  which  is  provided  with  a 
hook  ;  the  rod,  c,  slides  in  the  hollow  cylinder  d.  The  beam  is  sup- 
ported on  the  rod,  c,  which  can  be  fixed  in  any  position  by  means  of 
a  screw,  n.  The  beam  being  raised,  a  hollow  brass  cylinder,  b,  is 
suspended  to  one  of  the  pans,  and  below  this  a  soHd  cylinder,  a, 
whose  volume  is  exactly  equal  to  the  capacity  of  the  first  cylinder  ; 
lastly,  an  equipoise  is  placed  in  the  other  pan.  If  now  the  hollow 
cylinder,  b,  be  filled  with  water,  the  equilibrium  is  disturbed,  but  if 
at  the  same  time  the  beam  is  lowered  so  that  the  solid  cylinder  a  be- 
comes immersed  in  a  vessel  of  water  placed  beneath  it,  the  equi- 
librium will  be  restored.  By  being  immersed  in  water,  the  cylinder  a 
loses  a  part  of  its  weight  equal  to  that  of  the  water  in  the  cylinder  b. 
Now  as  the  capacity  of  the  cylinder  a  is  exactly  the  same  as  that 
of  the  cylinder  b,  the  principle  which  has  been  laid  down  is  proved. 

It  is  stated  that  Archimedes  discovered  this  principle  on  the 
occasion  of  a  problem  which  had  been  propounded  to  him  by  Hiero, 
tyrant  of  Syracuse.  This  prince,  desiring  to  offer  to  Jupiter  a  gold 
crown,  had  furnished  a  goldsmith  with  ten  pounds  of  gold  as  the 
material  for  this  purpose.  The  crown  when  finished  was  found  to 
weigh  ten  pounds,  but  Hiero,  suspecting  that  some  of  the  gold  had 
been  replaced  by  silver,  owing  to  the  beauty  of  its  Workmanship, 
demanded  from  Archimedes  a  means  of  detecting  the  supposed 
fraud  without  destroying  the  crown. 

Archimedes  pondering  over  the  solution  of  the  problem,  was  in 
the  bath,  when  he  observed  that  he  could  raise  his  limbs  in  water 
more  easily  than  in  air.  This  simple  observation  was  a  gleam  of 
light  for  him  ;  he  discovered  the  above  principle,  and  this  led  him 
to  a  simple  means  of  calculating  the  quantity  of  gold  and  silver  in 
the  crown.  It  is  said  that  Archimedes  was  so  transported  with  joy 
at  his  discovery,  that  he  ran  home  from  the  bath,  crying  in  the 
streets,  EvprjKa  (I  have  found  it). 

We  have  all  had  occasion  to  make  the  observation  of  Archimedes, 
on  observing  how  much  lighter  our  limbs  appear  in  water,  and  on 
the  contrary,  how  much  heavier  they  seem  when  lifted  out.    In  like 
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manner,  if  the  body  is  almost  entirely  immersed  in  water,  we  can 
walk  barefoot  on  the  stones  without  injuring  the  feet  ;  but  this  is 
not  possible  when  we  are  out  of  the  water.  For  in  the  former  case 
part  of  the  weight  of  the  body  is  raised  by  the  liquid,  while  in  the 
latter  the  whole  weight  of  the  body  presses  the  feet  against  the 
sharp  projections. 

97.  Equilibrium  of  immersed  and  floating  bodies.— \\  hen  a 
body  is  placed  in  a  liquid,  three  cases  are  possible  :  the  body  may 
have  the  same  specific  gravity  as  the  liquid,  in  which  case  it  weighs 
as  much  as  the  liquid  for  an  equal  volume  ;  or  it  may  be  denser,  m 
which  case  it  weighs  more  ;  or  it  is  hghter,  and  in  this  case  it 
weighs  less. 

I.  If  the  body  immersed  is  of  the  same  density  as  the  hquid,  the 
weight  of  the  liquid  displaced  being  the  same  as  that  of  the  body, 
it  follows  from  Archimedes'  principle  that  the  buoyancy  which 
tends  to  raise  it,  is  exactly  equal  to  the  force  with  which  gravity 
tends  to  sink  it.  The  two  forces  are  thus  in  equilibrium,  and  the 
body  remains  in  suspension  in  any  position  in  the  liquid. 

II.  If  the  body  immersed  is  denser  than  the  liquid,  it  sinks,  for 
then  its  weight  preponderates  over  the  buoyancy.  This  is  the  case 
when  a  stone  or  a  mass  of  metal  is  thrown  into  water. 

Ill  Lastly,  if  the  immersed  body  is  lighter  than  the  liquid,  the 
buoyancy  prevails,  and  the  body  rises  until  it  only  displaces  a 
weicrht  of  liquid  equal  to  its  own.  It  is  then  said  to  float.  Cork, 
wax^  wood,  and  all  substances  lighter  than  water,  float  on  its  sur- 

A  body  which  floats  on  one  liquid  may  sink  in  another  ;  the  body 
for  this  purpose  must  be  lighter  than  the  one  liquid,  but  heavier 
-han  the  other.  An  egg  sinks  at  once  if  placed  in  ordinary  water 
since  it  is  heavier  than  an  equal  volume  of  water  ;  but  it  swims  if 
placed  in  strong  brine,  which  is  denser  than  water.  A  piece  of  oak 
floats  on  water,  but  sinks  in  ether,  which  is  lighter  than  water.  Iron 
floats  on  mercury,  but  sinks  at  once  in  water. 

Yet  a  body,  though  denser  than  a  liquid,  may  float  on  its  surface. 
For  this  purpose  it  must  have  such  a  shape  as  to  displace  a  volume 
of  liquid,  the  weight  of  which  is  greater  than  its  own  Porcelain  is 
much  heavier  than  water,  yet  a  porcelain  saucer  p  aced  on  water 
floats  on  the  surface  ;  this  arises  from  its  concave  shape,  ovving  to 
which  it  displaces  a  weight  of  water  equal  to  its  own,  though  it  is 
only  partially  immersed.  For  the  same  reason  iron  ships,  even  with 
very  thick  sides,  float  freely  on  water. 
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98.  Cartesian  diver. — The  different  effects  of  suspension,  im- 
mersion, and  floating  are  reproduced  by  means  of  a  well-known 
hydrostatic  toy,  the  Cartesian  diver  (fig.  78).  It  consists  of  a  glass 
cylinder,  nearly  full  of  water,  on  the 
top  of  which  a  brass  cap,  A,  provided 
with  a  piston,  is  hermetically  fitted.  In 
the  liquid  there  is  a  little  porcelain 
figure,  a  fish,  o,  for  example,  attached 
to  a  hollow  glass  ball,  «?,  which  con- 
tains air  and  water,  and  floats  on  the 
surface.  In  the  lower  part  of  this 
figure  there  is  a  little  hole  by  which 
water  can  enter  or  escape,  according 
as  the  air  in  the  interior  is  more  or  less 
compressed.  The  quantity  of  water 
in  the  globe  is  such,  that  very  little 
more  is  recjuired  to  make  it  sink.  If 
the  piston  be  slightly  lowered  the  air 
is  compressed,  and  this  pressure  is 
transmitted  to  the  water  of  the  vessel 
and  to  the  air  in  the  bulb.  The  con- 
sequence is,  that  a  small  quantity  of 
water  penetrates  into  the  bulb,  which 
therefore  becomes  heavier  and  sinks. 
If  the  pressure  is  relieved,  the  air  in 
the  bulb  expands,  expels  the  excess  of 
water  which  has  entered  it,  and  the 
apparatus  being  now  lighter,  rises  to 
the  surface.  The  experiment  may  also  be  made  by  replacing  the 
brass  cap  and  piston  by  a  cover  of  sheet  india-rubber,  which  is 
tightly  tied  over  the  mouth.  When  this  is  pressed  by  the  hand 
the  same  effects  are  produced. 

99-  Swimminç  bladder  of  fishes.— Most  fishes  have  an  air- 
bladder  below  the  spine,  which  is  called  the  swimming  bladder. 
1  he  fish  can  compress  or  dilate  this  at  pleasure  by  means  of  a 
muscular  effort,  and  produce  the  same  effects  as  those  just  de- 
scribed—that is,  it  can  either  rise  or  sink  in  water. 

100.  Swimming:.— The  human  body  is  lighter,  on  the  whole, 
than  an  equal  volume  of  water  ;  it  consequently  floats  on  the  sur- 
'^.'J''  '^''^  '^^"cr  in  sea  water,  which  is  heavier  than  freshwater 
Ihe  difficulty  m  swimming  consists,  not  so  much  in  floating,  as  in 
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keeping  the  head  above  water,  so  as  to  breathe  freely.  In  man  the 
head  is  heavier  than  the  lower 'parts,  and  consequently  tends  to 
sink,  and  hence  swimming  is  not  natural  to  him,  but  is  an  art 
which  requires  to  be  learned.  With  quadrupeds,  on  the  contrary, 
the  head  being  less  heavy  than  the  posterior  part  of  the  body, 
remains  above  water  without  any  effort,  and  these  animals  there- 
fore swim  naturally. 

If  a  person  who  cannot  swim,  and  who  falls  into  the  water,  retams 
coolness  enough  to  turn  on  his  back,  so  that  his  face  is  out  of  water, 
he  can  breathe  freely,  and  wait  until  help  arrives.    Instead  of  this. 


Fig.  79- 

however,  he  generally  attempts  to  raise  his  arms  out  of  water,  as  if 
grasping  at  some  fixed  support.  This  is  very  dangerous,  for  as  the 
arms  no  longer  displace  a  quantity  of  liquid  equal  to  their  own  bulk, 
their  weight  is  not  diminished  to  that  extent,  but  concurs  with  that 
of  the  head  in  making  them  sink. 

Wei-ht  for  weight,  fat  persons  swim  more  easily  than  lean  ones, 
for  they^displace  more  water.  For  the  same  rea son  air  bladders,  or 
cork  girdles,  are  fastened  to  persons  who  are  learning  to  swim 
/fie  70),  for  then,  without  any  considerable  increase  of  weight,  they 
displace  more  water,  which  increases  the  buoyancy  and  keeps  them 

Several  kinds  of  birds,  such  as  ducks,  geese,  and  swans,  sw_im 
easily  on  water.  They  owe  this  property  to  a  thick  coating  of  a 
light  impervious  down  which  covers  the  lower  part  of  the  body  so 
that  the)'  displace,  even  with  a  small  immersion,  a  weight  equal  to 
their  own. 

SPECIFIC  GRAVITY.  HYDROMETERS. 
,oi.  specific  gravity-Daily  experience  shows  us  that  different 
substances  have  very  unequal  weights  for  one  and  the  same 
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volume.  For  instance,  we  all  know  that  gold  weighs  more  than 
silver,  lead  than  iron,  stone  than  wood.  Tn  order  to  compare 
equal  volumes  of  various  substances  as  to  their  weights,  the  weight 
of  water  has  been  taken  as  a  standard  of  comparison— as  unity.  For 
water  is  everywhere  met  with,  and  can  always  be  had  pure  ;  this 
latter  condition  is  necessary,  for  the  weight  of  a  given  quantity  of 
water  differs  with  the  substances  it  holds  in  solution.  As,  more- 
over, the  weight  varies  with  the  temperature,  a  constant  temperature 
must  be  adopted.  Hence  the  unit  of  weight  is  distilled  water  at  a 
temperature  of  4  degrees,  for  at  this  point,  as  we  shall  afterwards 
see  (226),  water  has  its  greatest  density. 


Thus  having  agreed  to  represent  by  i  the  weight  of  a 
certain  volume  of  distilled  water  at  4  degrees,  tJie  specific 
gravity  of  a  body  is  the  weight  of  tlie  same  volume  of 
it  as  compared  with  that  of  water,  or  what  is  the  same, 
the  number  which  expresses  how  much  it  weighs  as  com- 
pared with  water.  When  we  say  therefore  that  the  specific 
gravity  of  gold  is  19,  and  that  of  lead  11,  we  mean  that  the 
former  metal  is  19  times  and  the  latter  11  times  as  heavy 
as  water. 


WATER  MARBLE  LEAD  PLATINUIVI 

Fig.  80. 


In  order  to  get  a  clearer  conception  of  the  relative 
volumes  of  equal  weights  of  different  bodies,  let  us  imagine 
that  the  square  within  which  this  portion  of  the  text  is 
enclosed  represents  the  side  of  a  cube  of  air  ;  then  the 
volumes  of  equal  weights  of  water,  marble,  lead,  and  pla- 
tinum will  be  represented  by  the  corresponding  cubes. 


102.  Determination  of  the  specific  gravity  of  solids. — Three 
methods  are  commonly  used  in  determining  the  specific  gravities  of 
solids  and  liquids.    These  are— the  method  of  the  hydrostatic 
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balance,  that  of  the  hydrometer,  and  that  of  the  specific  gravity 
flaslc.  All  three,  however,  depend  on  the  same  principle,  that  of 
first  ascertaining  the  weight  of  a  body,  and  then  that  of  an  equal 
volume  of  water.  We  shall  first  apply  these  methods  to  determin- 
ing the  specific  gravity  of  sohds,  and  then  to  the  specific  gravity  of 
liquids. 

i.  Hydrostatic  balance.  To  obtain  the  specific  gravity  of  a  solid, 
a  piece  of  iron  for  instance,  by  means  of  the  hydrostatic  balance 
(fig.  8i),  it  is  first  weighed  in  air  by  suspending  it  to  the  hook  of 
one  of  the  plates.  Let  us  suppose  that  its  weight  is  585  grains.  It  is 
then  weighed  while  immersed  in  distilled  water,  as  shown  in  fig.  81. 


Fig.  81. 


It  will  now  weigh  less  ;  suppose  the  weight  to  be  510  grains,  this 
is  in  accordance  with  Archimedes'  principle,  for  it  now  loses  a 
weight  equal  to  that  of  the  water  which  it  displaces.  Hence,  sub- 
tracting 510  from  585,  the  difference  75  represents  the  weight  of 
the  displaced  water,  that  is,  the  weight  of  a  volume  of  water  equal 
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'to  that  of  the  iron  :  we  need  now  only  calculate  how  often  the 
weight  75,  that  of  the  water,  is  contained  in  585,  that  of  the  iron, 
and  the  quotient  7-8  is  the  specific  gravity  of  iron  ;  it  says  that,  for 
equal  volumes,  this  substance  weighs  7-8  times  as  much  as  water. 

Nic]iolso}Cs  hydrometer.  This  apparatus  consists  of  a  hollow 
metal  cylinder  (fig.  82),  to  which  is  fixed  a  cone,  d,  loaded  with 
lead.  The  object  of  the  latter  is  to  depress  the  centre  of  gravity 
so  that  the  cylinder  does  not  upset  when  in  the  water.  At  the  top 
is  a  stem,  c,  terminated  by  a  pan,  a,  in  which  is  placed  the  substance 
whose  specific  gravity  is  to  be  determined.  On  the  stem  a  standard 
point,  c,  is  marked. 

The  apparatus  stands  partly  out  of  the  water,  and  the  first  step 
is  to  ascertain  the  weight  which  must  be  placed  in  the  pan  in  order 


Fig-  82.  Fig.  83.  Fig.  84. 


to  make  the  hydrometer  sink  to  the  standard  point  c  (fig.  83).  Let 
this  weight  be  125  grains,  and  let  sulphur  be  the  substance  whose 
specific  gravity  is  to  be  determined.  The  weights  are  tlien  removed 
from  the  pan,  and  replaced  by  a  piece  of  sulphur  which  weighs  less 
than  125  grains,  and  weights  added  until  the  hydrometer  is  again 
depressed  to  the  standard,  c.  If,  for  instance,  it  has  been  necessary 
to  add  55  grains,  the  weight  of  the  sulphur  is  evidently  the  difiference 
between  125  and  55  grains,  that  is,  70  grains. 

Having  thus  determined  the  weight  of  the  sulphur  in  air,  it  is 
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now  only  necessary  to  ascertain  the  weight  of  an  equal  volume  in 
water.  To  do  this,  the  piece  of  sulphur  is  placed  in  the  lower  pan 
at  d,  as  represented  in  fig.  84.  The  whole  weight  is  not  changed, 
nevertheless  the  hydrometer  no  .longer  sinks  to  the  standard  ;  the 
sulphur,  by  immersion,  has  lost  part  of  its  weight  equal  to  that  of 
the  water  displaced.  Weights  are  added  to  the  upper  pan  until  the 
hydrometer  sinks  again  to  the  standard.  This  weight,  34-4  grains  for 
example,  represents  the  weight  of  the  volume  of  water  displaced  ; 
that  is,  of  the  volume  of  water  equal  to  the  volume  of  the  sulphur. 

It  is  only  necessary,  therefore,  to  divide  70  grains,  the  weight  in 
air,  by  34-4  grains,  and  the  quotient  2-03  is  the  specific  gravity  sought. 

Specific  gravity  flask.  In  this  method,  which  is  advantageously 
used  for  the  determination  of  the  specific  gravity  of  bodies  in  a 
state  of  powder,  a  wide-necked  flask  is  used  which  can  be  care- 
fully closed  by  a  ground-glass  disc  (fig.  85).  Having  filled  it  with 
water  it  is  closed  with  the  disc,  great  care  being  taken  that  not 
a  bubble  of  air  is  left.  After  being  carefully  wiped  dry,  it  is  placed 
in  the  pan  of  a  balance,  and  by  its  side  is  the  substance,  a,  whose 
specific  gravity  is  to  be  determined.  The  whole  is  then  equi- 
poised by  placing  weights  in  the  other  pan  of  the  balance.  The 
substance,  a,  is  then  removed,  and  weights 
added  in  its  place,  until  equilibrium  is  again 
established.  The  weight  necessary  for  this 
purpose  gives  the  weight  of  the  substance  in 
air. 

To  obtain  its  weight  in  water  it  is  placed 
in  the  flask,  the  disc  adjusted,  and  the  whole 
again  carefully  wiped.  In  order  now  to 
equipoise  the  tare  in  the  second  pan,  weights 
must  be  added  on  the  side  of  the  flask  to 
make  up  for  the  water  displaced.  The 
weights  necessary  for  this  purpose  represent 
then  the  weight  of  a  volume  of  water  equal 
to  that  of  the  body. 
Dividing,  then,  the  weight  of  the  body  in  air  by  the  weight  of  an 
equal  volume  of  water,  we  have  the  specific  gravity  sought. 

103.  specific  gravity  of  liquids — These  are  determined  by  the 
same  methods  as  those  of  solids. 

Hydrostatic  balance.  In  determining  the  specific  gravity  of  a 
liquid  by  this  means,  a  body  is  suspended  to  one  of  the  pans  of  the 
balance,  which  is  neither  dissolved  by  the  liquid  whose  spccihc 


Fig.  85. 
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gravity  is  to  be  determined,  nor  by  water  ;  for  instance,  a  ball  of 
platinum,  which  is  insoluble  in  all  ordinary  liquids.  This  ball  is  first 
weighed  in  air,  then  in  water,  and  finally  in  the  liquid  in  question, 
which  we  will  suppose  is  alcohol.  Let  us  assume  that  in  air  the  ball 
weighs  510  grains,  in  water  486  grains,  and  in  alcohol  489  grains. 
The  loss  of  weight  in  water  has  thus  been  510  less  486,  or  24 
grains,  and  in  alcohol  510  less  499,  or  21  grains  ;  which  tells  us 
that  if  a  volume  of  water  ec^ual  to  that  of  the  ball  weighs  24  grains 
the  same  volume  of  alcohol  weighs  21  grains.  Hence,  to  obtain 
the  specific  weight  of  alcohol  we  must  ascertain  how  many  times 
the  number  21  contains  24,  which  of  course  is  obtained  by  division. 
The  quotient  thus  obtained  is  0-866,  which  represents  the  specific 
gravity  of  alcohol  as  compared  with  water. 


ii.  Fahrenheit's  hydrometer.  This  instrument  (fig.  86)  resembles 
Nicholson's  hydrometer,  but  is  made  of  glass,  so  as  to  be  used  in 
all  hquids.  At  its  lower  extremity,  instead  of  a  pan,  it  is  loaded 
with  a  small  bulb  containing  mercury.  There  is  a  standard  mark- 
on  the  stem,  at  the  top  of  which  is  a  pan. 

The  weight  of  the  instrument  is  first  accurately  determined  in 
air  by  means  of  an  ordinary  balance.  Let  us  suppose  that  its 
weight  is  618  grains,  and  that  the  liquid  whose  specific  gravity  is  to 
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be  determined,  is  olive  oil.  The  hydrometer  is  placed  in  water,  and 
the  pan  loaded  with  weights,  until  the  liquid  is  level  with  the  mark 
on  the  stem.  Suppose  it  has  been  necessary  to  add  93  grains  for 
this  purpose  ;  these  93  grains,  together  with  the  618  which  the  in- 
strument weighs,  make  7"  grains,  which  represents  the  weight  of 
water  displaced  by  the  instrument  (97).  The  hydrometer  is  then 
removed,  wiped  dry,  and  immersed  in  the  olive  oil.  Let  us  suppose 
that  now  only  31  grains  need  be  added  to  sink  the  hydrometer  to 
the  mark.  These  together  with  the  618  grains  which  the  instru- 
ment weighs,  in  all  649,  represent  the  weight  of  the  displaced  oil. 

We  thus-  learn  that  equal  volumes  of  oil  and  water 
weigh  respectively  649  and  711.  Hence  we  obtain  the 
specific  gravity  of  the  latter  as  compared  with  the 
former  by  dividing  649  by  711.  The  quotient  is  0-91, 
which  teaches  us  that  if  a  certain  volume  of  water 
weighs  100  grammes,  the  same  volume  of  oil  weighs  91 
grammes. 

Neither  Fahrenheit's  nor  Nicholson's  hydrometers 
give  such  accurate  results  as  the  hydrostatic  balance. 

Specific  gravity  bottle.  This  consists  of  a  cylindrical 
reservoir,  b  (fig.  87),  to  which  is  fused  a  narrow  tube,  c, 
and  to  this  again  a  wider  one,  a,  closed  by  a  stopper. 
In  determining  the  specific  gravity  of  a  liquid,  the 
bottle  is  first  weighed  empty,  and  then,  successively, 
full  of  water  and  of  the  given  liquid  to  the  mark  c.  If 
Fig.  87.  the  weight  of  the  empty  bottle  be  subtracted  from  the 
two  weights  thus  obtained,  the  result  represents  the  weights  of 
equal  volumes  of  water  and  of  the  liquid  under  experiment,  from 
which  the  specific  gravity  is  obtained  by  division. 


Specific  gravities  of  solids. 


Platinum 
Gold  . 
Lead  . 
Silver  . 
Copper 
I  ron 
Zinc 

DiaiTionds 
Statuary  marble 


2  2 -07 

Aluminum  . 

19-36 

Glass  . 

11-35 

Anthracite  . 

10-47 

Coal 

8-87 

Amber  . 

778 

Oak 

6-86 

Yellow  pine  . 

3-53 

Common  poplar 

2-83 

Cork 

2-68 

2-48 

1-80 
1-32 

1-07 

0-84 
0-65 

0-38 

0-24 
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specif  c  gravities  of  liquids. 


\ 


Mercury 
Bromine 
Sulphuric  acid 
Milk  . 
Sea  water  . 
Distilled  water  at  4°  C 


13-60  Distilled  water  at 

2-96  Claret  . 

1-84  Olive  oil 

1-03  Oil  of  turpentine 

I -02  Absolute  alcohol 

i-oo  Ether  . 


0°  C. 


0-99 
099 
0-91 
087 
o-So 
0-72 


104.  Use  of  tables  of  specific  grravities. — Tables  of  specific 
gravity  admit  of  numerous  applications.  In  mineralogy  the  specific 
gravity  of  a  mineral  is  often  a  highly  distinctive  character.  Jewellers 
also  use  them.  By  means  of  tables  of  specific  gravities  the  weight 
of  a  body  may  be  calculated  when  its  volume  is  known,  and  con- 
versely the  volume  when  its  weight  is  known. 

With  a  view  to  explaining  the  last- mentioned  use  of  these  tables, 
It  will  be  well  to  explain  the  connection  existing  between  the  British 
units  of  length,  capacity,  and  weight.  It  will  be  sufficient  for  this 
purpose  to  define  that  which  exists  between  the  yard,  gallon,  and 
poiuid  avoirdupois,  since  other  measures  stand  to  these  in  well- 
known  relations.  The  yard,  consisting  of  36  inches,  may  be 
regarded  as  the  primary  unit.  Though  it  is  essentially  an  arbitrary 
standard,  it  is  determined  by  thls-that  the  simple  pendulum  which 
makes  one  oscillation  in  a  second,  at  London  on  the  sea  level 
IS  39-1375  inches  long  (61).  The  gallon  contains  277-274  cubic 
mches.  A  gallon  of  distilled  water  at  the  standard  temperature 
weighs  10  lbs.  avoirdupois  or  70,000  grains  troy  ;  or,  which  comes 
to  the  same  thing,  one  cubic  inch  of  water  weighs  252-5  grains 

On  the  French  system  the  metre  is  the  primary  unit,  and  "is  so 
chosen  that  10,000,000  metres  are  the  length  of  a  quadrant  of  the 
meridian  from  either  pole  to  the  equator.  The  metre  contains  10 
decimetres,  or  ico  centimetres,  or  1,000  millimetres;  its  lencrth 
equals  1-0936  of  a  yard.  The  unit  of  the  measure  of  capacity's 
the  h  re  or  cubic  decimetre.  The  unit  of  weight  is  the  gramme, 
which  IS  the  weight  of  a  cubic  centimetre  of  distilled  watei  at  4°  C 
The  kilogramme  contains  1,000  grammes,  or  is  the  weight  of  a 
decimetre  of  distilled  water  at  4°  C    The  gramme  equal^  15-443 

coaf"^^°''K-'  f '■"^"'•■"^  <^^l<^"l^te  the  weight  of  a  cubic  foot  of 
coal.  A  cubic  foot  contams  1,728  cubic  inches;  the  weight  of  a 
cubicfoot  of  water  would  therefore  be  1,728  times  252-5  grains  -  thi 
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being  the  weight  of  one  cubic  inch  of  water.    The  product  of  th,. 
muWpUcation  divided  by  7,000  grains  (the  number  contained  m  a 
pound  avoirdupois)  gives  62-3  pounds  as  the  weight  of  a  cub.c  foo 
of  water  •  and  as  we  learn,  from  the  tables,  that  coal  is  r32  times 
as  helvy'as  water,  the  weight  of  a  cubic  foot  of  coal  will  be  .-33 

of  iicholson  and  Fahrenheit  are  cahed  hydrometers  of  constant 
time  but  variable  weight,  because  they  are  always  immersed  to 
Ae  same  extent,  but  carrv  different  weights.  There  are  also  /.j^n.- 
meuTof  variable  volume  b^U  of  constant  .veight,  known  under  the 
different  names  of  acidometer,  alcoholometer,  lactometer,. .A  sac- 

'"'Tor  Bea  Ws  ...ron.ete..-This,  which  was  the  first  of  these 
instruments  may  serve  as  a  type  of  them.    It  consists  of  a  glass 
ub     AB    fig.  88),  loaded  at  its  lower  end  with  mercury,  and  with 
"bulb  blown  in  th^  middle.    The  stem,  the  external  diameter  of 
^iSis  as  regular  as  possible,  is  hollow,  and  the  scale  is  marked 

The  gi-aduation  of  the  instrument  differs  according  as  the  liquid, 
^  for  which  it  is  to  be  used,  is  heavier  o. 

lighter  than  water.    In  the  first  case  it  is  so 
constructed  that  it  sinks  in  water  nearly  to 
the  top  of  the  stem,  to  a  point  A,  which  is 
marked  zero.    A  solution  of  fifteen  parts  by 
weight  of  salt  in  eighty-five  parts  of  water  is 
made,  and  the  instrument  immersed  in  it.  It 
sinks  to  a  certain  point  on  the  stem,  B,  which 
is  marked  15  ;  the  distance  between  A  and 
B  is  divided  into  15  equal  parts,  and  the 
graduation  continued  to  the  bottom  of  the 
stem.    Sometimes  the  graduation  is  on  a 
piece  of  paper  in  the  interior  of  the  stem. 

The  hydrometer  thus  graduated  only 
serves  for  liquids  of  a  greater  specific  gravity 
than  water,  such  as  acids  and  saline  solutions. 
17     linnids  hehter  than  water  a  different  plan  must  be  adopted, 
^rfook  for   ero  the  point  to  which  the  apparatus  sank  m  a 
TTi  of  t  P  r ts  of  salt  in  90  of  water,  and  for  ,0°  he  took  the 
Ltr-riuiS  water.    This  distance  I^  divided  into  :o°,  and 
continued  the  division  to  the  top  of  the  scale. 


Fig.  88. 
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The  graduation  of  these  hydrometers  îs  entirely  arbitrary  and 
they  g,ve  neither  the  exact  densities  of  the  hcjuids,  nor  the  quantities 
d.ssoh^ed.  But  they  are  very  useful  in  making  mixtures  or  solu- 
tions m  given  proportions  ;  the  results  they  give  being  sufficiently 
near  m  the  majority  of  cases.  For  instance,  it  is  found  that  a 
well-made  syrup  marks  35°  on  Beaumé's  hydrometer,  from  which 
a  manufacturer  can  readily  judge  whether  a  syrup  which  is  being 
evaporated  has  reached  the  proper  degree  of  concentration 

K^'  ^^'^-^""f^'''^  alcoholometer.-The  spirits  of  wine  and 
the  brandy  m  daily  use,  are  essentially  a  mixture  of  pure  alcohol 
and  water.  The  more  alcohol  they  contain  the  stronger  they  are 
the  more  water  they  contain  so  much  the  weaker  are  they.  ce 
It  IS  important  to  have  a  simple  means  of  exactly  determininc.  tl'e 
quantity  of  water  contained  in  spirituous  liquors.  This  is  effected 
by  means  of  Gay-Lussac's  alcokolcneterX.  8g,  wh  cl  has  the 

Mixtures  of  absolute  alcohol  and  distilled  water  are  mad»  con 
taining  s,  lo,  2o,  30,  etc.,  per  cent,  of  the  former.    The  Idrolo 
meter  is  so  constructed  that  when  placed  in  '-^^^oholo- 
pure  distilled  water,  the  bottom  of  its  stem  is 
level  with  the  water,  and  this  point  is  zero     It  is 
next  placed  in  absolute  alcohol,  which  marks 
too,   and    then   successively  in   mixtures  of 
diHerent  strengths,  containing  10,  -'o   ■^o  ev 
per  cent.    The  divisions  thus  obtained  a^e  not 
exactly  equal,  but  their  difference  is  not  great 
and  they  are  subdivided  imo  ten  divisions,  each 
of  which  marks  one  per  cent,  of  absolute  alcohol 
;n  a  hquid.     Thus  a  brandy  in  which  the  alco 
holome  er  stood  at  48,  would  contain  48  per 
ce„.^^of  absolute  alcohol,  and  the  rest 'would 

Ail  these  determinations  are  made  at  u°  r 


Fig.  8g. 
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plished  in  the  following  marner:— The 
instrument  is  immersed  in  a  vessel 
containing  pure  milk,  and  the  pomt 
to  which  it  sinks  is  marked  zero  on  a 
paper  strip  affixed  to  the  stem  Mix- 
tures are  then  made  of  of  milk  and 
1  of  water;  of  i  and -fô,  and  so  on  to 
Ï  of  milk  and  of  water.  The  lac- 
Fig  93.  îometer  is  successively  immersed  m 

r™r:?:  ;;;icr's«n^h,  «■«  containing  a  cena.n 

quantity  of  admixed  water.  ,f,ii;i-,ip  tp^tfor  the  adulteration 

fn'C-ïSuÏ  mLÎ  «an,  be  d>,e  to  a  bad  na.u.l  ,«ab.y  of 
milk. 
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CHAPTER  I. 
PROPERTIES  OF  GASES.     ATMOSPHERE.  BAROMETERS: 

109.  Physical  properties  of  g-ases.— Gases,  as  we  have  ah-eady 
seen,  are  bodies  whose  molecules  are  in  a  constant  state  of  repul- 
sion, in  virtue  of  which  they  possess  the  most  perfect  mobility,  and. 
are  continually  tending  to  occupy  a  greater  space.  This  property 
of  gases  is  known  by  the  names  expansibility,  tension,  or  elastic 
force,  from  which  they  are  often  called  elastic  fluids. 

The  number  of  gases,  with  which  chemistry  makes  us  acquainted 
is  very  considerable ;,  but  only  four  are  elementary;  these  are 
oxygen,  hydrogen,  nitrogen,  and  chlorine.  Some  gases  are  coloured, 
but  most  of  them  are  colourless.  Some  have  a  disagreeable  odour' 
others  are  quite  inodorous.  Some  are  noxious,  acting  as  poison 
to  men  and  animals,  which  breathe  them  ;  such  are  carbonic  oxide, 
which  is  produced  by  the  co,mbustion  of  charcoal  ;  sulphuretted 
hydrogen,  which  is  given  off  from  drains.  Others  are  inoffensive, 
such  as  nitrogen  and  hydrogen  ;  yet  an  animal  cannot  live  in  them! 
They  are  not  deleterious,  in  the  sense  of  being  poisonous  ;  but  they  do 
not  support  life.  The  only  gas  which  has  this  property  is  oxygen  ; 
an  animal  deprived  of  this  gas,  even  for  a  short  time,  soon  dies. 

Gases  and  liquids  have  several  properties  in  common,  and  some, 
m  which  they  seem  to  differ,  are  in  reality  only  different  degrees 
of  the  same  property.  Thus,  in  both,  the  particles  are  capable  of 
movmg  ;  m  gases  quite  freely  ;  in  liquids  not  quite  freely,  owing 
toacertam  degree  of  viscosity.  Both  are  compressible,  though 
in  very  different  degrees  ;  if  a  liquid  and  a  gas  both  exist  under 
a  pressure  of  one  atmosphere,  and  then  the  pressure  be  doubled 
the  water  IS  compressed  by  about  the  ^.^..th  part  (75),  while  the 
gas  is  compressed  by  one-half.  In  density  there  is  a  great  differ 
ence;  water,  which  is  the  type  of  liquids,  is  about  770  times  as 
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heavy  as  air,  the  type  of  gaseous  bodies,  while  under  a  pressure  of 
one  atmosphere.  The  property  by  which  gases  are  distinguished 
from  hquids  is  their  tendency  to  indefinite  expansion. 

Matter  assumes  the  soUd,  hquid,  or  gaseous  form  according  to 
the  relative  strength  of  the  cohesive  and  repulsive  forces  exerted 
between  its  particles.  In  liquids  these  forces  balance;  in  gases 
repulsion  preponderates. 

By  the  aid  of  pressure  and  of  very  low  temperatures,  the  force 
of  cohesion  may  be  so  far  increased  in  many  gases  that  they  are 
converted  into  liquids  ;  and  there  is  reasonfor  believing  that,  with  a 
sufficient  degree  of  pressure  and  cold,  they  might  all  be  liquefied. 
On  the  other  hand,  heat,  which  increases  the  force  of  repulsion, 
converts  liquids,  such  as  water,  alcohol,  and  ether,  into  the  aeriform 
state  in  which  they  obey  all  the  laws  of  gases.  This  aëriform  state 
of  liquids  is  known  by  the  name  of  vapour,  while  gases  are  bodies 
which  under  the  ordinary  conditions  of  temperature  and  pressure, 
remain  in  the  aëriform  state. 

In  describing  the  properties  of  gases  we  shall,  for  obvious  reasons, 
have  exclusive  reference  to  atmospheric  air  as  their  type. 

no.  AtmospUeric  air.— Air  is  the  gaseous  fluid  in  which  we 
live.  It  was  regarded  by  the  ancients  as  one  of  the  four  elements. 
Modern  chemistry,  however,  has  shown  that  it  is  a  mixture  of 
oxygen  and  nitrogen  gases  in  the  proportion  of  20-8  volumes  of 
the 'former  to  79-2  volumes  of  the  latter.  By  weight  it  consists  of 
23  parts  of  oxygen  to  77  parts  of  nitrogen. 

The  oxygen  feeds  all  the  combustions  which  are  produced  round 
about  us  ;  and  it  also  supports  animal  life.  If  it  alone  were  present, 
or  even  if  it  were  present  in  a  larger  proportion,  combustions  would 
be  too  brisk,  and  life  too  active.  The  coal  of  our  fireplaces  would 
burn  almost  instantaneously,  and  even  the  iron  grates  in  which 
it  is  contained  might  take  fire.  Life  would  be  promptly  destroyed 
by  so  active  an  agent.  The  function  of  the  nitrogen  is  to  attenuate 
the  too  powerful  effects  of  the  oxygen. 

Air  is  inodorous,  transparent,  and  colourless,  at  any  rate  m  small 
masses.  In  larger  masses  it  is  blue  ;  Urns. arises  the  blue  colour  of 
the  sky.  Without  air  the  celestial  vault  would  appear  black  ;  it 
appears  almost  so  when  viewed  from  the  tops  of  very  high  mountains, 
and  from  balloons  ;  for  then  the  air  above  is  very  highly  rarefied. 

Air  too  in  virtue  of  its  elasticity,  is  the  medium  for  transmuting 
sounds  ;  so  that,  if  we  were  without  it,  the  use  of  speech  and  of 
music  would  be  loi^t 
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Fig.  91. 

in  the  bladder,  thus 


III.  Expansibility  of  gases. — This  property  of  gases,  their 
tendency  to  assume  continually  a  greater  volume,  is  exhibited  by 
means  of  the  following  experiment.  A  bladder  closed  by  a  stop- 
cock, moistened  so  as  to  render  it  more  flexible,  and  about  half  full 
of  air,  is  placed  under  the  receiver  of  the  air- 
pump  (fig.  91),  and  a  partial  vacuum  is  pro- 
duced, on  which  the  bladder  immediately 
distends.  This  arises  from  the  fact  that  the 
molecules  of  air  repel  each  other,  and  press 
against  the  sides  of  the  bladder.  Under  or- 
dinary conditions  this  internal  pressure  is 
counterbalanced  by  the  air  in  the  receiver, 
which  exerts  an  equal  and  contrary  pressure. 
But  when  this  pressure  is  removed,  by  ex- 
hausting the  receiver,  the  internal  pressure 
becomes  evident.  When  air  is  again  ad- 
mitted into  the  receiver,  the  bladder  resumes 
its  original  form.  The  same  effects  would 
be  produced  whatever  gases  were  contained 
showing  that  all  are  expansible. 

ir2.  Weig^bt  of  g-ases  From  their  extreme 

fluidity  and  expansibility,  gases  seem  to  be  unin- 
fluenced by  the  force  of  gravity  ;  they  nevertheless 
possess,  weight,  like  sohds  and  liquids.  To  show 
this,  a  glass  globe  of  3  or  4  quarts  capacity  is 
taken  (fig.  92),  the  neck  of  which  is  provided  with  a 
stop-cock,  which  hermetically  closes  it,  and  by 
which  it  can  be  screwed  to  the  plate  of  the  air- 
pump.  The  globe  is  then  completely  exhausted,  and 
its  weight  determined  by  means  of  a  delicate  balance. 
Air  is  now  allowed  to  enter,  and  the  globe  again 
weighed.  The  weight  in  the  second  case  will  be 
found  to  be  greater  than  before,  and  if  the  capa- 
city of  the  vessel  is  known,  the  increase  will  ob- 
viously be  the  weight  of  that  volume  of  air. 

By  a  modification  of  this  method,  and  with  the 
adoption  of  certain  precautions,  the  weight  of  air 
and  of  other  gases  has  been  determined  (231).  100 
cubic  inches  of  dry  air  under  tlie  ordinary  atmospheric  pressure  of 
30  in.  and  at  the  temperature  of  16°  C,  weigh  31  grains  ;  the  same 
volume  of  carbonic  acid  gas  under  the  same  conditions  weighs 
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47-2  5  grains  ;  loo  cubic  inches  of  hydrogen,  the  lightest  of  all  gases, 
weigh  2-14  grains;  and  loo  cubic  inches  of  hydriodic  acid  gas 
weigh  146  grains.  _ 

The  ratio  of  the  density  of  air  at  0°  C.  and  30  inches  pressure 
to  that  of  water  at  0°  C.  is  found  to  be  as  0-001296  :  i.  In  other 
words,  the  latter  is  about  77°  times  as  heavy  as  the  former. 

113  The  atmosphere.  Experiments  proving  its  weight.— 
The  atmosphere  is  the  name  given  to  the  layer  of  air  which,  like 
a  light  coating,  surrounds  our  globe  in  every  part.  It  shares  the 
rotatory  motion  of  the  globe  (30)  and  would  remain  fixed  relatively 
to  terrestrial  objects,  but  for  local  circumstances,  which  produce 
winds,  and  are  constantly  disturbing  its  equilibrium. 

The  existence  of  this  gaseous  mass  is  proved  by  the  winds,  which 
incessantly  blow  on  the  surface  of  the  earth  ;  by  the  flight  of  birds, 
and  by  the  suspension  of  clouds. 

Besides  the  oxygen  and  nitrogen  of  which  the  air  is  composed, 
it  also  contains  a  quantity  of  aqueous  vapour,  which  varies  with  the 
temperature,  the  season,  the  locality,  and  the  direction  of  the  wmds. 
The  mean  amount  of  this  in  London  is  from  5  to  6  grams  in  a  cubic 

foot  of  air.  .  r  ■  a 

It  further  contains  from  3  to  6  parts  in  10,000  of  carbonic  acid. 
This  arises  from  the  respiration  of  man  and  animals,  from  the  de  cay 
of  organic  matter,  and  from  the  combustion  of  wood  and  coal. 
This  latter  cause  of  the  production  of  carbonic  acid  increases  every 
vear  It  has  been  calculated  that  in  Europe  alone  about  104  mil- 
liards of  cubic  yards  of  carbonic  acid  are  every  year  sent  into  the 
atmosphere  from  this  source.  This  mass  of  gas  is  eqtml  to  what 
would  be  produced  by  500  millions  of  individuals,  each  by  the  act 
of  respiration  converting  154  grains  of  cai'bon  into  carbonic  acid 

^""'n o^^thstanding  this  enormous  continual  production  of  carbonic 
acid  on  the  surface  of  the  globe,  the  composition  of  the  atmosphere 
does  not  vary;  for  plants  in  the  process  of  vegetation  decompose 
the  carbonic' Lcid,  assimilating  the  carbon,  and  restoring  to  he 
atmosphere  the  oxygen  which  is  being  continually  consumed  in  the 
nrocesses  of  respiration  and  combustion. 

^    Tl  us  by  a  natural  harmony,  the  atmosphere  retains  an  almost 

^„Ltitv  of  this  gas,  so  that  there  seems  no  fear  of  us  accu- 
uniform  quantity  01  tnis  g^a,  =  .    .  u,,,„t„  cnpries 

mulatin-  to  such  an  extent  as  to  be  injurious  to  the  human  spec.es 
14  Atmospheric  pressure-Having  seen  that  air  has  weight 
it  is  êiy^o  conceive  that  the  great  mass  of  air  which  constitutes 
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the  atmosphere  must  exert  a  great  pressure  on  the  surface  of  the 
earth,  and  on  all  bodies  found  there.  This  pressure  is  called  the 
atmospheric  pressure.  It  necessarily  decreases  as  we  ascend  in 
the  atmosphere  ;  for  if  we  conceive  the  atmosphere  resolved  into 
horizontal  layers  superposed  on  each  other,  it  is  clear  that  the 
lower  layers  which  support  the  weight  of  the  whole  atmosphere  are 
the  most  compressed,  and  the  most  dense  ;  while  the  higher  layers 
are  less  and  less  compressed,  and  therefore  less  and  less  dense. 
This  is  expressed  by  saying  that  they  are  more  ra7-efied  or  more 
rare.  In  saying  that  100  cubic  inches  of  air  weighed  31  grains,  it 
was  understood  that  air  at  the  sea  level  was  referred  to  ;  at  any 
greater  height  this  volume  of  air  would  weigh  less. 

The  pressure  of  the  atmosphere  may  be  demonstrated  by  a 
number  of  experiments,  among  which  are  the  following  : 

115.  Crusblngr  force  of  the  atmosphere. — On  one  end  of  a 
stout  glass  cylinder,  about  5  inches  high,  and  open  at  both  ends,  a 


Fig.  93. 


Fig.  94. 


piece  of  bladder  is  tied  quite  air-tight.  The  other  end,  the  edge  ot 
which  IS  ground  and  well  greased,  is  pressed  on  the  plate  of  the  aif-'' 
pump  (fig.  93).  The  bladder  is  pressed  downwards  by  the  weight 
of  the  atmosphere,  and  is  pressed  upwards  by  the  expansive  force  of 
the  air  in  the  cylinder.  These  two  pressures  at  first  counterbalance 
each  other— the  bladder  is  not  pressed  in  either  direction  ;  butas 
soon  as  the  internal  air  is  removed  from  the  vessel,  by  working 
the  air-pump,  the  bladder  is  depressed  by  the  weight  of  the  atmo 
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sphere  above  it,  and  finally  bursts  with  a  loud  report  caused  by  the 
sudden  entrance  of  the  air. 

ii6.  Madgeburff  hemispheres.— The  preceding  experiment 
only  serves  to  illustrate  the  downward  pressure  of  the  atmosphere. 
By  means  of  the  Madgeburg  hemispheres  (fig.  94),  the  invention  of 
which  is  due  to  Otto  von  Guericke,  burgomaster  of  Magdeburg,  it 
can  be  shown  that  the  pressure  acts  in  all  directions.  This  ap- 
paratus consists  of  two  hollow  brass  hemispheres  of  4  to  4^  mches 
diameter,  the  edges  of  which  are  made  to  fit  tightly,  and  are  well 
greased.    One  of  the  hemispheres  is  provided  with  a  stopcock,  by 


Fig.  95- 

which  it  can  be  screwed  on  the  air-pump,  and  on  the  ether  there  is 
a  handle  As  long  as  the  hemispheres  contain  air  they  can  be 
separated  without  any  difficulty,  for  the  external  pressure  of  the 
atmosphere  is  counterbalanced  by  the  elastic  force  of  the  an-  m 
the  interior  But  when  the  air  in  the  interior  is  pumped  out  by 
means  of  the  air-pump,  the  hemispheres  cannot  be  separated  with- 
out a  powerful  effort  (fig.  95)  ;  and  as  this  is  the  case  in  whatever 
position  they  are  held,  it  follows  that  the  atmospheric  pressure  ,s 
transmitted  in  all  directions. 

We  shall  presently  see  (1 19)  that  the  pressure  of  the  atmosphere 
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on  a  square  inch  is  equal  to  that  of  a  weight  of  about  15  lbs.  Hence 
if  in  the  above  experiment,  the  area,  not  of  each  of  the  hemi- 
spheres, but  of  the  circle  along  which  they  are  pressed,  is  ten 
square  inches,  the  force  by  which  they  are  pressed  together  is 
150  lbs.  and  this  force  would  be  required  to  separate  them. 

Otto  von  Guericke,  the  inventor  of  this  apparatus,  constructed 
hemispheres  the  internal  diameter  of  which  was  about  2  feet  ;  when 
applied  against  each  other  and  exhausted,  twelve  horses,  six  pull- 
ing at  each  hemisphere,  were  rec^uired  to  separate  them. 


DETERMINATION  OF  THE  ATMOSPHERIC  PRESSURE 
BAROMETERS. 

117-  Torricelli's  experi- 
ment.— The  above  experiments 
demonstrate  the  existence  of  the 
atmospheric  pressure,  but  they 
give  no  indications  as  to  its 
amount.  The  following  experi- 
ment, which  was  first  made  in 
7643  by  Torricelli,  a  pupil  of 
Galileo,  not  merely  proves  the 
pressure  of  the  atmosphere,  but 
also  gives  an  exact  measure  of 
its  weight. 

A  glass  tube  is  taken,  about 
a  yard  long,  and  a  quarter  of  an 
inch  internal  diameter  (fig.  96). 
It  is  sealed  at  one  end,  and  is 
quite  filled  with  mercury.  The 
aperture  C  being  closed  by  the 
thumb,  the  tube  is  inverted,  the 
open  end  placed  in  a  small 
mercury  trough,  and  the  thumb 
removed.  The  tube  being  in  a 
vertical  position,  the  column  of 
mercury  sinks,  and,  after  oscil- 
lating some  time,  it  finally  comes 
to  rest  at  a  height  A,  which  it 

the  level  of  the  sea  is  about  thirty  inches  above  the  mercu 
the  trough.    The  mercury  is  raised  in  the  tube  by  the  pressu 


Fig.  96. 
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the  atmosphere  on  the  mercury  in  the  trough.  There  is  no  contrary 
pressure  inside  the  tube  on  the  mercury,  because  it  is  closed.  But 
if  the  end  of  the  tube  be  opened,  the  atmosphere  will  press  equally 
inside  and  outside  the  tube,  and  the  mercury  will  sink  to  the  level 
of  that  in  the  trough.  It  has  been  shown  in  article  88  that 
the  heights  of  two  columns  of  liquid  in  communication  with  each 
other  are  inversely  as  their  densities  ;  and  hence  it  follows  that 
the  pressure  of  the  atmosphere  is  equal  to  that  of  a  column  of  mer- 
cury, the  height  of  which  is  thirty  inches.  That  the  mercury  sank 
in  the  first  case  was  due  to  its  weight  being  greater  than  the  pressure 
of  the  atmosphere.  If,  however,  the  weight  of  the  atmosphere 
diminishes,  the  height  of  the  column  which  it  can  sustam  must  also 
diminish. 

1 18  Pascal's  experiments.— Pascal,  who  wished  to  prove  that 
the  force  which  sustained  the  mercury  in  the  tube  was  really  the 
pressure  of  the  atmosphere,  made  the  following  experiments  :— i.  If 
it  were  the  case,  he  reasoned,  the  column  of  mercury  ought  to  de- 
scend in  proportion  as  we  ascend  in  the  atmosphere  (i  14)-    He  ac- 
cordingly requested  one  of  his  relations  to  repeat  Torricelh's  ex- 
periment on  the  summit  of  the  Puy  de  Dôme  in  Auvergne.  This 
was  done,  and  it  was  found  that  the  mercurial  column  was  about 
three  inches  lower,  thus  proving  that  it  is  really  the  weight  of  the 
atmosphere  which  supports  the  mercury,  since,  when  this  weight 
diminishes,  the  height  of  the  column  also  dimimshes.    11.  Pascal 
repeated   Torricelli's  experiment  at  Rouen,  in  1646,  with  othei 
liquids     He  took  a  tube  closed  at  one  end,  nearly  40  feet  long,  and 
havin<-  filled  it  with  water,  placed  it  vertically  in  a  vessel  of  water, 
and  found  that  the  water  stood  in  the  tube  at  a  height  of  34  feet  : 
that  is,  13-6  times  as  high  as  mercury.    But  since  mercuiy  is  13-6 
times  as  heavy  as  water,  the  weight  of  the  column  of  water  was 
exactly  equal  to  that  of  ihe  column  of  mercury  in  Torricelli  s  ex- 
periment, and  it  was  consequently  the  same  force,  the  pressure  of 
the  atmosphere,  which  successively  supported  the  two  liquids. 
Pascal's  other  experiments  with  oil  and  with  wine  gave  similar  le- 
sults.    He  found,  for  instance,  that  a  column  of  oil  stood  at  a 

height  of  about  37  feet. 

no  Amount  of  the  atmospheric  pressure.-Let  us  assume 
that  the  tube  in  the  above  experiment  is  a  cylinder,  the  cross-section 
of  which  is  equal  to  a  square  inch;  then,  since  ^heJ^^'S^^^^^^^^ 
mercurial  column  in  round  numbers  ,s  30  niches  the  column  11 
contain  30  cubic  inches,  and  as  a  cubic  inch  of  mercury  ^^e.ghs 
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253-5  X  I3"6  =  3433*5  grains  =0-49  of  a  pound  (104),  the  pressure  of 
such  a  column  on  a  squai-e  inch  of  surface  is  equal  to  147  pounds. 
In  round  numbers  the  pressure  of  the  atmosphere  is  taken  at  15 
pounds  on  the  square  inch.  A  surface  of  a  foot  square  contains  144 
square  inches,  and  therefore  the 
pressure  upon  it  is  equal  to  2,160 
pounds,  or  nearly  a  ton. 

A  gas  or  a  liquid  which  acts  in 
such  a  manner  that  a  square  inch  of 
surface  is  exposed  to  a  pressure  of 
1 5  pounds,  is  said  to  exert  a  pressure 
o( one  atmosphere.  If,  for  instance, 
the  elastic  force  of  the  steam  of  a 
boiler  is  so  great  that  each  square 
inch  of  the  internal  surface  is  ex- 
posed to  a  pressure  of  90  pounds 
(=6x15),  we  say  it  is  under  a 
pressure  of  six  atmospheres. 

120.  Different  kinds  of  ba- 
rometers.— The  instruments  used 
for  measuring  the  atmospheric 
pressure  are  called  barometers,  from 
two  Greek  words  which  signify 
measure  of  iveiglit  (air,  of  course, 
being  undersiood).  In  ordinary  ba- 
rometers, the  pressure  is  measured 
by  the  height  of  a  column  of  mer- 
cury, as  in  Torricelli's  experiment  ; 
the  barometers  which  we  are 
about  to  describe  are  of  this  kind. 
But  there  are  barometers  without 
mercury,  one  of  which,  the  aneroid 
(135)  is  remarkable  for  its  simplicity 
and  portability. 

121.  Cistern  barometer. — Or- 
dinary barometers  are  classed  as 
syphon  and  cistern  barometers. 
Fig.  97  represents  the  usual  form  of 
the  cistern  barometer.  It  consists 
of  a  glass  tube,  at,  closed  at  one  end,  -  -. 
about  thirty-three  inches  long,  and  about  half  an  inch  in  diameter 
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The  tube  is  filled  with  mercury,  and  then  its  open  end  is  inverted 
in  mercury  contained  in  a  glass  vessel,  A,  of  a  peculiar  shape  ; 
only  the  front  half  of  this  is  visible,  the  other  being  fixed  in  a 
mahogany  board  which  supports  the  whole  barometer.  The  bottom 
of  the  cistern  forms  a  spherical  well,  which  is  filled  with  mercury, 
and  in  which  the  tube  ai  is  immersed.  The  tube  is  not  fixed  tightly 
in  the  neck,  so  that  the  atmospheric  pressure  is  freely  transmitted 
to  the  mercury  of  the  bath,  and  thus  supports  the  column  of  mer- 
cury ai.  If  the  pressure  increases  the  mercury  rises,  if  it  decreases 
the  mercury  sinks. 

At  the  top  of  the  tube  on  the  right  is  a  scale  divided  in  inches 
to  measure  the  height  of  the  mercury  in  the  tube.  The  graduation 
starts  from  the  zero,  which  is  level  with  the  mercury  in  the  bath. 
Hence,  if  the  top  of  the  mercury  at  a  stands  at  thirty  inches,  for 
instance,  this  signifies  that  the  height  of  the  column  of  mercury  is 
thirty  inches.  Only  a  portion  of  the  scale  is  given,  since,  for  ordi- 
nary purposes,  the  variations  of  the  atmospheric  pressure  are  within 
a  very  few  inches.  Where  greater  variations  occur,  as  in  the  use 
of  the  barometer  for  measuring  heights,  the  graduated  part  must 
be  longer. 

It  will  be  observed  that  the  starting-point  of  the  graduation,  the 
zero,  is  at  the  level  of  the  mercury  in  the  cistern.  But  the  zero  of 
the  scale  does  not  always  correspond  to  the  level  of  the  mercury  in 
the  cistern.  For  as  the  atmospheric  pressure  is  not  always  the 
same,  the  height  of  the  mercurial  column  varies;  sometimes 
mercury  is  forced  from  the  cistern  into  the  tube,  and  sometimes 
from  the  lube  into  the  cistern,  so  that,  in  the  majority  of  cases,  the 
graduation  of  the  barometer  does  not  indicate  the  true  height.  To 
diminish  this  source  of  error,  the  cistern  has  the  form  represented  in 
ficr.  97.  Its  upper  part,  that  corresponding  to  the  level  of  the 
n^ercury,  is  about  four  inches  in  diameter  ;  so  that,  whether  the 
mercury'passes  from  the  cistern  into  the  tube,  or  from  the  tube  into 
the  cistern,  as  it  is  spread  over  a  large  surface  the  variations  in  the 
level  are  very  small  and  may  be  neglected. 

To  complete  this  description  it  may  be  added,  that  on  the 
scale  is  a  small  index,  c,  sliding  along  a  vertical  rod.  When 
made  level  with  the  mercury  this  index  points  on  the  one  side  to 
the  divisions  on  the  graduated  scale,  and  on  the  other  side  to 
certain  descriptions,  the  use  of  which  will  be  afterwards  stated  (127). 
Lastly,  in  the  middle  of  the  tube,  are  two  thermometers,  one  with  a 
Fahrenheit  and  the  other  with  a  Centigrade  graduation. 


-122] 


Fort  il  IS  Barometer. 


1 1  r 


122.  Portin'3  barometer.— bixrometer  (fig.  98)  differs 
from  that  just  described,  in  the  shape  of  the  cistern.  The  base 
of  the  cistern  is  made  of  leather,  and  can  be  raised  or  lowered 
by  means  of  a  screw  ;  this  has  the  advantage  that  a  constant 
level  can  be  obtained,  and  also  that  the  instrument  is  made  more 
C  poriable.  For,  in  travelling,  it  is 
only  necessary  to  raise  the  leather 
until  the  mercury,  which  rises  with 
it,  quite  fills  the  cistern  ;  the  ba- 
rometer m^y  then  be  inclined,  and 
even  inverted,  without  any  fear  that 
a  bubble  of  air  may  enter,  or  that 
the  shock  of  the  meixury  may  crack 
the  tube. 

Fig.  99  shows  the  construction 
of  the  cistern.  It  consists  of  a  glass 
cylinder,  b,  which  allows  the  mer- 
cury to  be  seen  ;  the  bottom  of  the 
cylinder  is  cemented  to  a  box-wood 
cylinder,  zz,  on  which  is  firmly  fixed 
at  //  the  chamois  leather  vnt,  which 
is  the  base  of  the  cistern.  At  the 
bottom  of  this  leather  is  a  small 
wooden  button,  x,  against  which  the 
screw  C  works,  by  which  it  israised 
or  lowered.  This  screw  works  in 
the  bottom  of  a  brass  cylinder, 
G,  which  is  fastened  on  the  glass 
cylinder.  At  the  top  of  the  cistern 
there  is  a  small  ivory  pointer,  a, 
the  point  of  which  exactly  cor- 
responds to  the  zero  on  the  scale. 
The  upper  part  of  the  cistern  is 
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Fig.  99. 

closed  by  buckskin,  cc,  which  is  fastened  to  the  barometer 
tube,  E,  and  to  a  tubulure  in  the  wooden  disc,  which 
covers  the  cistern.  The  barometer  tube  is  drawn  out 
at  tbe  open  end,  which  is  immersed  in  the  mercury.  The  atmo 
spheric  pressure  is  transmitted  through  the  pores  of  the  leather 
In  using  this  barometer,  the  mercury  is  first  made  level  with 
the  pomt  a,  which  is  effected  by  turning  the  screw  C  either  in 
one  direction  or  the  other.    In  this  manner  the  distance  of  the 
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top,  B,  of  the  column  of  mercury  from  the  ivory  point  a,  gives 
exactly  the  height  of  the  barometer.  For  the  graduation  is 
measured  from  the  point  a.  Lastly,  the  lower  part  of  the  cistern 
is  enclosed  in  a  brass  case,  which  is  connected  with  the  lid  by 
three  screws  k,  k,  k.  To  the  cistern  is  screwed  a  long  brass  case, 
which  encloses  the  whole  of  the  tube,  as  seen  in  figure.  At  the  top 
of  this  case  there  are  two  longitudinal  shts,  on  opposite  sides, 
so  that  the  level  of  the  mercury,  B,  is  seen.  The  scale  on  the 
case  is  graduated  in  millimetres  or  in  inches.    An  index,  A, 

moved  by  the  hand,  gives,  by 
means  of  a  vernier,  the  height 
of  the  mercury  to  ^5  of  a  milli- 
metre. At  the  bottom  of  the 
case  is  affixed  a  thermometer  to 
indicate  the  temperature. 

123.  Gay-Iiussac's  syphon 
barometer. — The  syphon  baro- 
meter has  no  cistern,  but  con- 
sists of  a  bent  glass  tube  (fig. 
ioo),oneof  the  branches  of  which 
is  much  longer  than  the  other. 
The  longer  branch,  which  is 
closed  at  the  top,  is  filled  with 
mercury  as  in  the  cistern  baro- 
meter, while  the  shorter  branch, 
which  is  open,  serves  as  a  cis- 
tern. The  difference  between 
the  two  levels  is  the  height  of 
the  barometer. 

Fig.  100  represents  the  syphon 
barometer  as  modified  by  Gay- 
Lussac.  In  order  to  render  it 
more  available  for  traveUing,  by 
preventing  the  entrance  of  air, 
Fig.  100.         Fig'  ^'s-  he  joined  the  two  branches  by  a 

caoiUary  tube  ;  when  the  instrument  is  inverted  (fig.  loi),  the  tube 
ïway  Imains  full  in  virtue  of  its  capillarity,  and  atr  cannot  pene- 
trSnt^^^^^^  branch,  which,  of  course,  is  absolutely  necessary 

A  sud  in  shock:  however,  might  separate  the  mercury  and  adm 
foine  a       To  avoid  this  M.  Bunten  has  introduced  an  .ngen.ous 
Td  fic  don  into  the  apparatus.    The  longer  branch,  A,  ts  drawn 


Fig.  102. 
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out  to  a  fine  point,  and  is  joined  to  a  tube,  B,  of  the  form  repre- 
sented in  fig.  102.    By  this  arrangement,  if  air  passes  through  the 
capillary  tube,  it  cannot  penetrate  the  drawn-out  extremity  of  the 
longer  branch,  but  lodges  in  the  upper  part 
of  the  enlargement  B.    In  this  position  it  W 
does  not  affect  the  observation,  since  the 
vacuum  is  always  at  the  upper  part  of  the 
tube  ;  it  is,  moreover,  easily  removed. 

In  Gay-Lussac's  barometer  the  shorter 
branch  is  closed,  but  there  is  a  very  minute 
lateral  aperture  i,  fig.  loi,  through  which  the 
atmospheric  pressure  is  transmitted. 

The  barometric  height  is  determined  by 
means  of  two  scales,  fig.  103,  which  haVe  a 
common  zero  at  the  middle  of  the  longer 
branch,  and  are  graduated  in  contrary  direc- 
tions, the  one  from  the  middle  to  «,  and  the 
other  from  the  middle  to  h,  either  on  the  tube 
itself,  or  on  brass  rules  fixed  parallel  to  the 
tube.  Two  sliding  indexes  are  moved  until 
they  correspond  to  the  levels  of  the  mercury 
in  a  and  b.  The  total  height  of  the  barometer 
ab  is  the  sum  of  the  distances  from  the 
middle  to  a  and  b  respectively, 

124.  Precautions  in  reference  to 
barometers.  — In  constructing  barometers, 
mercury  is  chosen  in  preference  to  any  other 
liquid.  For  being  the  densest  of  all  liquids 
it  stands  at  the  least  height.  When  the 
mercurial  barometer  stands  at  thirty  inches, 
the  water  barometer  would  stand  at  about 
thirty-four  feet.  It  also  deserves  preference 
because  it  does  not  moisten  the  glass.  It 
is  necessary  that  the  mercury  be  pure  and 
free  from  oxide  ;  otherwise  it  adheres  to 
the  glass  and  tarnishes  it.  Moreover  if 
It  is   impure  its  density  is  different,  'and  ^'e-  '"s. 

the  height  of  the  barometer  is  too  great  or  too  small.  Mercury  is 
purified  before  being  used  for  barometers,  by  treatment  with  dilute 
nitric  acid,  and  by  distillation. 

The  space  at  the  top  of  the  tube  (figs.  96  and  103),  which  is  called 
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the  Torricellian  vaacum,  must  be  quite  free  from  air  and  from 
aqueous  vapour,  for  otherwise  either  would  depress  the  mercurial 
column  Now,  glass  tubes  always  condense  aqueous  vapour  on 
their  surface.  Under  the  ordinary  pressure  of  the  atmosphere  this 
layer  of  moisture  adheres  to  the  glass  ;  but  in  a  vacuum  where 
there  is  no  pressure  it  escapes,  and  there  is  formed  a  mixture  of 
air  and  aqueous  vapour  which  depresses  the  mercurial  column. 

The  air  and  moisture  can  only  be  got  rid  of  by  boiling  the 
mercury  in  the  tube.  To  obtain  this  result,  a  small  quantity  of 
pure  mercury  is  placed  in  the  tube  and  boiled  for  some  time,  fig.  104. 
It  is  then  allowed  to  cool,  and  a  fuither  quantity,  previously  warmed, 
added,  which  is  boiled,  and  so  on,  until  the  tube  is  quite  full  ;  m 
this  manner  the  moisture  and  the  air  which  adhere  to  the  sides  of 


Fig.  104. 

,he  tube  pass  off  with  the  mercurial  vapour.  The  bulb  at  the  end 
is  placed  there  to  collect  the  mercury  which  may  distil  over.    It  is 

afterwards  removed.  ■•■va 
A  barometer  is  free  from  air  and  moisture  if,  when  it  is  inchned 
the  mercury  strikes  with  a  sharp  metallic  sound  against  the  top  of 
Ï:  tube.    ïf  there  is  air  or  moisture  in  it,  the  sound  is  dea  ened^ 

12;  variations  in  the  heigbt  of  the  barometer—When  the 
barometer  is  observed  for  several  days,  its  height  is  found  to  vaiy 
t^samè  nKce  not  only  from  one  day  to  another,  but  also  during 
The  same  day  S  extent'of  these  variations,  that  is,  the  difference 
between  Ae  greatest  and  the  least  height,  is  different  in  different 
pllS     It  increases  from  the  equator  towards  the  poles.  The 

sum  of  24  successive  hourly  observations  by  24.    In  oui  latitudes, 
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the  barometric  height  at  noon  corresponds  to  the  mean  daily 
height. 

The  mean  monthly  height  is  obtained  by  adding  together  the 
mean  daily  height  for  a  month,  and  dividing  by  30. 

The  mean  yearly  height  \s  similarly  obtained. 

Under  the  equator,  the  mean  annual  height  at  the  level  of  the  sea 
is  o"758,  or  29-14  inches.  It  increases  from  the  equator,  and 
between  the  latitudes  30°  and  40°  it  attains  a  maximum  of  o"763, 
or  30-04  inches.  In  lower  latitudes  it  decreases,  and  in  Paris  it 
does  not  exceed  o™-7568. 

The  general  mean  at  the  level  of  the  sea  is  o"-76i  or  29-96 
inches.  The  mean  monthly  height  is  greater  in  winter  than  in 
summer,  in  consequence  of  the  cooler  atmosphere. 

Two  kinds  of  variations  are  observed  in  the  barometer  ;  ist,  the 
accidental  variations,  which  present  no  regularity  ;  they  depend  on 
the  seasons,  the  direction  of  the  winds,  and  the  geographical 
position,  and  are  common  in  our  climates  :  2nd,  the  daily  varia- 
tions, which  are  produced  periodically  at  certain  hours  of  the  day. 

At  the  equator,  and  between  the  tropics,  no  accidental  variations 
are  observed  ;  but  the  daily  variations  take  place  with  such  regu- 
larity that  a  barometer  may  serve  to  a  certain  extent  as  a  clock. 
The  barometer  sinks  from  midday  till  towards  four  o'clock  ;  it 
then  rises,  and  reaches  its  maximum  at  about  ten  o'clock  in  the 
evening.  It  then  again  sinks,  and  reaches  a  second  minimum 
towards  four  o'clock  in  the  morning,  and  a  second  maximum  at  ten 
o'clock. 

In  the  temperate  zones  there  are  also  daily  variations,  but  they 
are  detected  with  difficulty,  since  they  occur  in  conjunction  with 
accidental  variations.  The  hours  of  the  maxima  and  minima 
appear  to  be  the  same  in  all  climates,  whatever  be  the  latitude  ; 
they  merely  vary  a  little  with  the  seasons. 

126.  Causes  of  barometric  variations — It  is  observed  that 
the  course  of  the  barometer  is  generally  in  the  opposite  direction  to 
that  of  the  thermometer  ;  that  is,  that  when  the  temperature  rises 
the  barometer  falls,  and  vice  versâ  ;  which  indicates  that  the 
barometric  variations  at  any  given  place  are  produced  by  the  ex- 
pansion or  contraction  of  the  air,  and  therefore  by  its  change  in 
density.  If  the  temperature  were  the  same  throughout  the  whole 
extent  of  the  atmosphere,  no  currents  would  be  produced,  and  at 
the  same  height  the  atmospheric  pressure  would  be  everywhere 
the  same.    But  when  any  portion  of  the  atmosphere  becomes 
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warmer  than  the  neighbouring  parts,  its  specific  gravity  is  dimin- 
ished and  it  rises  and  passes  away  through  the  upper  regions  ot 
the  atmosphere  ;  whence  it  follows  that  the  pressure  is  diminished, 
and  the  barometer  falls.  If  any  portion  of  the  atmosphere  retains 
its  temperature,  while  the  neighbouring  parts  become  cooler  the 
same  effect  is  produced  ;  for  in  this  case,  too,  the  density  of  the 
first-mentioned  portion  is  less  than  that  of  the  others  Hence  also 
it  usually  happens,  that  an  extraordinary  fall  of  the  baromete  at 
one  place  is  counterbalanced  by  an  extraordinary  rise  at  another 
place  The  daily  variations  appear  to  result  from  the  expansions 
and  contractions  which  are  periodically  produced  in  the  atmosphere 
bv  the  heat  of  the  sun  during  the  rotation  of  the  earth. 

127  Relation  of  barometric  variations  to  tne  state  of  the 
weatuer.-It  has  been  observed  that,  in  our  climate  the  baro- 
Terer  L  fine  weather  is  generally  above  30  inches,  and  is  below 
St  point  when  there  is  rain,  snow,  wind,  or  storm,  and  also,  that 
fo  any  given  number  of  days  on  which  the  barometer  stands  at  30 
inches  there  are  as  many  fine  as  rainy  days.  From  this  coinci- 
dence '^ween  the  height  of  the  barometer  and  the  state  of  the 
weather  the  following  indications  have  been  marked  on  the 
Wmet'er,  counting  by  thirds  of  an  inch  above  and  below  30 
inches  : 

State  of  the  weather. 

.       .    Very  dry. 
3^"^^^'^'-       •       :       :       .       .    Settled  weather. 
3°3  .    Fine  weather. 

3°3     »      •       •  ■     ■       ■       ■  Variable. 
3°  ^     "■■*_..    Rain  or  wind. 

Much  rain. 


295 
29 


Storm. 


In  using  the  barometer  as  an  indicator  of  the  state  of  the  weathe 
.  L  ^t  not  forget  that  it  really  only  serves  to  measure  the  weight 
T.l    ftmosphere  and  that  it  only  rises  or  falls  as  this  weight  m- 
ses  0  c^mSshes  ;  and  although  a  change  of  weather  frequent  y 
creases  or  dimims  pressure,  they  are  not  necessarily 

coincides  with  a  Chan  e^  n  t  p^^^  ^^^^^  ,,,,,,r,iogical  condi- 
connected    This  come  ^^^^       ^^^^^^^  ^^^^  ^ 

tions  peculiar  to  «^^^  ^"  "  precedes  rain  in  our  latitudes  is 

fall  in  the  baromete    usu^ll    p^^^^^^^^  ,,inds,  which 

barometer  sin.;  but  at 
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the  same  time,  as  they  become  charged  with  aqueous  vapour  in 
crossing  the  ocean,  they  bring  us  rain.  The  winds  of  the  north 
and  north-east,  on  the  contrary,  being  colder  and  denser,  make  the 
barometer  rise  ;  and  as  they  only  reach  us  after  having  passed  over 
vast  continents,  they  are  generally  dry. 

When  the  barometer  rises  or  sinks  slowly,  that  is,  for  two  or 
three  days,  towards  fine  weather  or  towards  rain,  it  has  been  found, 
from  a  great  number  of  observations,  that  the  indications  are  then 
extremely  probable.  Sudden  variations  in  either  direction  indicate 
bad  weather  or  wind. 

128.  Wheel  barometer. — Figure  105  represents  the  principle 
of  the  zvheel  barometer,  which  was  invented  by  Hooke  ;  it  is  a 
syphon  barometer,  and  in  the  shorter  leg  there  is  a  float, 
a,  which  rises  and  falls  with  the  mercury.  A  string 
attached  to  this  float  passes  round  a  pulley,  and  at  the 
other  end  there  is  another  and  somewhat  lighter  weight. 
A  needle  fixed  to  the  pulley  moves  round  a  graduated 
circle,  on  which  is  marked  variable,  rain,  fiite  weather, 
etc.  When  the  pressure  varies  the  float  sinks  or  rises, 
and  moves  the  needle  round  to  the  corresponding  points 
on  the  scale. 

The  baromefers  ordinarily  met  with  in  houses,  and 
which  are  called  weather  glasses,  are  of  this  kind.  They 
are,  however,  of  little  use,  for  two  reasons.  The  first  is 
that  they  are  neither  very  dehcate  nor  precise  in  their 
indications.  The  second,  which  applies  equally  to  all 
barometers,  is,  that  those  commonly  in  use  in  this  country 
are  made  in  London,  and  the  indications,  if  they  are  of 
any  value,  are  only  so  for  a  place  at  the  same  level  and 
of  the  same  climatic  conditions  as  London.  Thus  a 
barometer  standing  at  a  certain  height  in  London  would 
indicate  a  certain  state  of  weather,  but  if  removed  to 
Shooter's  Hill  it  would  stand  half  an  inch  lower  and 
would  indicate  a  different  state  of  weather.  As  the  pres- 
sure differs  with  the  level  and  with  geographical  con-  Fig.  los. 
ditions,  it  is  necessary  to  take  these  into  account  if  exact  data  are 
wanted. 

I28rt.  Welgrht  barometer.— Great  attention  has  been  paid  of 
late  years  to  the  systematic  observation  of  meteorological  instru- 
ments, and  figure  106  represents  the  essential  parts  of  a  self-acting 
arrangement  by  which  changes  in  the  barometric  height  are  ob- 
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served  and  recorded.    It  is  an  application  of  what  is  called  a 
weight  barometer. 

The  barometer  tube  is  much  wider  at  the  top  B,  and  the  other 
end  A,  which  dips  in  mercury,  is  drawn  out  to  a  fine  point.  The 

barometer  is  suspended  by  a  stir- 
rup, C,  to  an  arm,  D,  of  a  scale 
beam.    The  other  arm,  F,  is  bent 
downwards,  and  is  provided  with  a 
sliding  weight,  by  which  the  baro- 
meter may  be  counterpoised.  To 
the  beam  is  fixed  a  spring  indicator, 
K,  which  has  a  pencil,  R,  at  the 
end.    This  presses  against  a  strip 
of  paper,  P  P,  which,  by  means  of  a 
clockwork  arrangement  not  repre- 
sented in  the  figure,  is  moved  at  a 
regular  and  definite  rate. 

If  now  the  barometer  is  sta- 
tionary, and  the  clockwork  is  in 
motion,  the  pencil,  R,  will  describe 
Fig  a  straight  line  on  the  paper  as  it 

moves  If,  however,  the  pressure  of  the  atmosphere  increases,  the 
column  of  mercury  becomes  heavier,  for  it  is  longer,  the  scale 
beam  sinks  somewhat  on  the  side  of  D,  and  the  index,  R,  moves  to 
the  left  The  opposite  is  the  case  when  the  pressure  of  the  atmo- 
sphere decreases.  Hence,  if  the  pressure  varies,  the  pencil  ^^all 
trace  out  a  curve  on  the  paper,  and,  by  calculations  based  on  the 
construction  and  dimensions  of  the  apparatus,  which  are  deter- 
mined once  for  all  for  each  instrument,  the  numerical  sigmficance 
of  the  curve  is  obtained  at  a  glance. 

120  Determination  of  tUe  Heights  of  places  l>y  the  baro- 
meter^One  of  the  most  important  of  the  uses  of  the  barometer 
has  been  its  appUcation  to  the  measurement  of  the  heights  ot 
places  above  the  sea  level.  For,  if  we  suppose  the  atmosphere 
divided  into  horizontal  layers  of  equal  thickness,  a  hundred  for 
inltance,  a  barometer  at  the  sea  level  would  support  the  weight  o 
a  hundred  of  these  layers  ;  and,  as  we  have  seen  (.17  ,  would  beat 
rest  when  its  height  was  thirty  inches.  If  it  were  raised  in  the  atmo- 
sphere to  the  he^ht  of  ten  such  layers,  it  would  now  only  support 
hÏ  wei^.t  of  ninety  such  layers,  and  the  me-xury  would  therefor 
necessarily  sink.    It  would  sink  still  furthe;  if  it  were  raised  to  the 
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twentieth  layer,  and  so  on  to  the  hmit  of  the  atmosphere  if  that 
were  possible.  There  it  would  be  under  no.  pressure,  and  the  level 
of  the  mercury  in  the  tube  and  in  the  cistern  would  be  the  same. 

As  the  mercury  sinks  in  proportion  as  we  rise  in  the  atmosphere, 
we  might,  from  the  amount  by  which  it  is  lower,  deduce  the  height 
above  the  sea  level.  If  air  had  everywhere  the  same  density  up 
to  the  extreme  limit  of  the  atmosphere,  the  calculation  would  be 
very  simple;  for  as  mercury  is  about  10,500  times  as  heavy  as  air, 
an  inch  of  the  barometer  would  correspond  to  a  column  of  air  about 
875  feet;  hence,  in  ascending  a  mountain,  a  diminution  of  an  inch 
in  the  height  of  the  barometer  would  correspond  to  an  ascent  of 
about  875  feet  But  the  density  of  the  air  decreases  as  we  ascend, 
for  the  layers  of  air  necessarily  support  a  less  weight  ;  hence,  the 
measurement  of  the  heights  by  the  barometer  is  not  so  simple  as 
we  have  supposed.  Very  complete  tables  have,  however,  been 
constructed,  by  which  the  difference  in  height  between  any  two 
places  may  be  readily  ascertained,  if  we  know  the  corresponding 
heights  of  the  barometer.  For  small  elevations  we  may  assume 
that  an  ascent  of  900  feet  produces  a  depression  ot  an  inch  in  the 
height  of  the  barometer.  For  measuring  heights  by  the  barometer 
the  aneroid  (135)  is  extremely  convenient. 

If  a 'barometer  be  taken  from  the  cellar  to  the  fourth  or  fitth 
story  of  a  large  house,  it  will  be  found  to  stand  /  ot  an  inch  or  so 
less. 

130.  Heig^bt  of  the  atmosphere. — In  virtue  of  the  expansive 
force  of  the  air,  it  might  be  supposed  that  the  molecules  would 
expand  indefinitely  into  the  planetary  spaces.  But,  in  proportion 
as  the  air  expands,  its  expansive  force  decreases,  and  is  further 
weakened  by  the  low  temperature  of  the  upper  regions  of  the 
atmosphere,  so  that,  at  a  certain  height,  an  equilibrium  is  estab- 
lished between  the  expansive  force  which  separates  the  molecules 
and  the  action  of  gravity  which  draws  them  towards  the  centre  of 
the  earth.  It  is  therefore  concluded  that  the  atmosphere  is  limited. 
We  may  get  an  idea  of  the  relation  between  the  di  mensions  of  the 
earth  and  its  atmosphere,  by  imagining  a  globe  one  foot  in  diameter 
covered  by  a  sheet  of  paper  about     of  an  inch  in  thickness. 

F rom  the  weight  of  the  atmosphere,  and  its  decrease  in  density 
its  height  has  been  calculated  at  from  30  to  40  miles.  Observa- 
tions of  shooting  stars  make  it  probable  that  they  become  visible 
at  a  height  of  from  90  to  130  miles.   As  their  luminosity  is  ascribed 
to  the  heat  developed  by  their  friction  against  the  atmosphere,  we 
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must  suppose  that  at  this  great  height  there  is  some  atmosphere, 
though  it  is  so  attenuated  as  to  be  in  effect  a  complete  vacuum. 
From  observations  on  the  twilight  arc  at  Rio  Janeiro,  M.  Liais 
estimates  the  height  of  the  atmosphere  at  between  198  and  212 
miles,— considerably  higher,  therefore,  than  what  has  hitherto  been 
believed. 

131.  The  pressure  of  the  atmosphere  Is  transmitted  in  all 
directions.— The  atmosphere,  like  any  other  mass  of  fluid  (76) 
imist  necessarily  transmit  its  pressure  in  all  directions,  upwards 
and  laterally  as  well  as  downwards.  A  striking  instance  of  this  is 
seen  in  the  Magdeburg  hemispheres  (i  16),  and  the  following  expe- 
riment furnishes  another  illustration  of  this  point. 

A  tumbler  full  of  water  is  carefully  covered  with  a  sheet  of  paper, 
which  is  kept  in  position  by  one  hand,  while  with  the  other  the 
tumbler  is  inverted.  Removing  then  the  hand  which  held  the 
paper,  the  wat.  r  does  not  fall  out,  both  water  and  paper  being  kept 
in  position  by  the  upward  pressure  (fig.  107).    The  object  of  the 
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Fig.  108. 


paper  is  to  present  a  flat  surface  of  water,  for  otherwise  the  water 
would  divide  and  would  allow  air  to  enter,  and  then  the  experiment 
would  fail. 

The  use  of  the  whte-tester  also  depends  on  the  pressure  ot  the 
atmosphere.  It  consists  of  a  tin  tube  (fig.  108)  terminating  at  the 
bottom  in  a  small  cone,  the  end  of  which,  0,  is  open  ;  at  the  top 
there  is  a  small  aperture,  which  is  closed  by  the  thumb.  The  two 
ends  being  open,  the  tube  is  immersed  in  the  liquid  to  be  tested  ; 
closing  then  the  upper  end  by  the  thumb,  as  shown  in  the  figure, 
the  tube  is  withdrawn,  and  remains  filled  in  consequence  of  the 
pressure  at  0.  But  if  the  thumb  be  withdrawn,  the  pressure  is 
transmitted  both  upwards  and  downwards,  and  the  liquid  flows  out 
in  obedience  to  the  action  of  gravity. 
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132.  Pressure  supported  by  the  buman  body.— The  surface 
of  the  body  of  a  man  of  middle  size  is  about  16  square  feet  ;  the 
pressure,  therefore,  which  a  man  supports  on  the  surface  of  his 
body  is  37,560  pounds,  or  upwards  of  16  tons.  Such  an  enormous 
pressure  miglit  seem  impossible  to  be  borne  ;  but  it  must  be  re- 
membered that  m  all  directions  there  are  equal  and  contrary  pres- 
sures which  counterbalance  one  another.  It  might  also  be  supposed 
that  the  efiect  of  this  force,  acting  in  all  directions,  would  be  to 
press  the  body  together  and  crush  it.  But  the  solid  parts  of  the 
skeleton  could  resist  a  far  greater  pressure  ;  and  as  to  the  liquids 
contained  in  the  organs  and  vessels,  from  what  has  been  said  about 
hquids  (75)  it  is  clear  that  ihey  are  virtually  incompressible.  The 
gases,  too,  are  compressed  by  the  weight 
of  the  atmosphere,  but  they  resist  it  in 
virtue  of  their  elasticity.  They  are,  in 
short,  like  a  bottle  full  of  air.  The  sides 
of  the  latter  are  pressed  in  by  the  weight 
of  the  atmosphere  ;  but  they  can  stand  this, 
however  thin  their  walls,  for  the  pressure 
of  the  gas  from  within  quite  counter- 
balances that  which  presses  on  the  outside. 

The  following  experiment  (fig.  109) 
illustrates  the  effect  of  atmospheric 
pressure  on  the  human  body.  A  glass 
vessel  open  at  both  ends,  being  placed 
on  the  plate  of  the  air-pump,  the  upper 
end  of  the  cylinder  is  closed  by  the  hand 
and  a  vacuum  is  made.  The  hand  then 
becomes  pressed  by  the  weight  of  the 
atmosphere,  and  can  only  be  taken  away  by  a  great  effort.  And 
as  the  elasticity  of  the  gas  contained  in  the  organs  is  not  counter- 
balanced by  the  weight  of  the  atmosphere,  the  palm  of  the  hand 
swells,  and  blood  tends  to  escape  from  the  pores. 

The  operation  of  cupping  in  medicine  is  an  application  of  the 
effect  of  removing  the  atmospheric  pressure  from  the  human  body. 
The  human  mouth  applied  upon  any  part,  in  the  action  of  sucking, 
is  a  kind  of  cupping  apparatus.  The  mouth  of  the  leech  is  such  an 
apparatus  with  one  lancet. 
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CHAPTER  II. 
MEASUREMENT  OF  THE  ELASTIC  FORCE  OF  GASES. 

133.  Boyle's  law.— The  law  of  the  compressibility  of  gases  was 
discovered  by  Boyle  in  1662  and  subsequently  in  1679,  though  in- 
dependently by  Mariotte.     It  is  in  England  commonly  called 
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Bovle's  law,  and,  on  the  Continent,  Mariotte's  law.  It  is  as  follows  : 
<rL  temperature  remaining  ihe  same,  the  volume  of  a  given 
quantity  of  gas  is  inversely  as  ihe  pressure  Mi  it  bears. 
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This  law  is  easily  verified  by  means  of  an  apparatus  called 
Boyle's  tube  (fig.  1 10).  It  consists  of  a  long  glass  tube  fixed  to  a 
vertical  support  :  it  is  open  at  the  top  ;  and  the  other  end,  which 
is  bent  into  a  short  vertical  leg,  is  closed.  On  the  shorter  leg 
there  is  a  scale,  which  indicates  equal  capacities  ;  the  scale 
against  the  long  leg  gives  the  heights.  The  zero  in  both  scales  is 
in  the  same  horizontal  line. 

A  small  quantity  of  mercury  is  poured  into  the  tube,  so  that  its 
level  in  both  branches  is  at  zero,  which  is  effected  without  much 
difficulty.  The  air  in  the  short  leg 
is  thus  under  the  ordinary  atmo- 
spheric pressure.  If  mercury  be 
then  poured  into  the  longer  tube 
the  volume  of  the  air  in  the  smaller 
tube  is  gradually  reduced.  If, this 
be  continued  until  it  is  only  one- 
half,  that  is,  until  it  is  reduced 
from  10  to  5,  as  shown  in  figure 
III,  and  if  the  height  of  the  mer- 
curial column,  CA,benowmeasured, 
it  will  be  found  to  be  exactly  equal 
to  the  height  of  the  barometer  at 
the  time  of  the  experiment.  The 
pressure  of  the  column  CA  is  there- 
fore equal  to  an  atmosphere,  which, 
with  the  atmospheric  pressure  act- 
ifig  on  the  surface  of  the  column  at 
C,  makes  two  atmospheres.  Ac- 
cordingly, by  doubling  the  pi-essui-e„ 
the  volume  of  the  gas  has  been  di- 
minished to  one-half 

If  mercury  be  poured  into  the 
longer  branch  until  the  volume  of 
the  air  is  reduced  to  one-third  its 
original  volume,  it  will  be  found 
that  the  distance  between  the  level 
of  the  two  tubes  is  equal  to  two 
barometric  columns.    The  pressure 

is  now  three  atmospheres,  while  the  volume  is  reduced  to  one-third. 
Dulong  and  Petit  have  verified  the  law  for  air  up  to  27  atmospheres, 
by  means  of  an  apparatus  analogous  to  that  which  has  been  described. 


Fig. 


Fig.  113. 
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The  law  also  holds  good  in  ihe  case  of  pressures  of  less  than  one 
atmosphere.  To  demonstrate  this,  mercury  is  poured  into  a  gradu- 
ated tube,  until  it  is  about  two-thirds  full,  the  rest  being  air.  It  is 
then  inverted  in  a  deep  trough  PM,  containing  mercury  (fig.  1 12),  and 
lowered  until  the  levels  of  the  mercury  inside  and  outside  the  tube 
are  the  same,  and  the  volume  AB,  which  is  then  under  a  pressure  of 
one  atmosphere,  is  noted.  The  tube  is  then  raised,  as  represented 
in  fig.  1 1 3,  until  the  volume  of  the  air,  AC,  is  doubled.  The  height  of 
the  mercury  in  the  tube  above  the  mercury  in  the  trough  CD,  is  then 
found  to  be  exactly  half  the  height  of  the  barometer  at  the  time  of 
the  experiment.  Accordingly,  for  half  the  pressure  the  volume  has 
been  doubled. 

In  the  experiment  with  Boyle's  tube,  as  the  quantity  of  air 
remains  the  same,  its  density  must  obviously  increase  as  its  volume 
diminishes,  and  vice  versa.  The  law  may  thus  be  enunciated  : 
'  For  the  same  temperature  the  density  of  a  gas  is  proportional  to  its 
pressure:  Hence,  as  water  is  773  times  as  heavy  as  air,  under  a 
pressure  of  773  atmospheres,  air  would  be  as  dense  as  water. 

Until  within  the  last  few  years  Boyle's  law  was  supposed  to  be 
absolutely  true  for  all  gases  at  all  pressures  ;  but  several  physicists 
have  since  observed  that  the  gas  is  not  rigorously  exact,  especially 
in  the  case  of  those  gases  which  can  be  liquefied.  They  are  more 
compressed  than  is  required  by  the  law.  For  air,  Dulong  and 
Arago  investigated  the  pressure  up  to  27  atmospheres,  and  observed 
that  the  volume  of  air  always  diminished  a  little  more  than  is  re- 
quired by  Boyle's  law.  But,  as  these  differences  were  very  small, 
they  attributed  them  to  errors  of  observation,  and  concluded  that 
the  law  was  perfectly  exact,  at  any  rate  up  to  27  atmospheres. 

For  ordinary  pressures  Boyle's  law  may  be  assumed  to  be  exact 
for  all  gases. 

134.  Manometers.— are  instruments  for  measuring 
the  elastic  force  of  gases  or  vapours.  In  all  manometers  the  unit 
chosen  is  the  pressure  of  one  atmosphere,  or  30  inches  of  mercury 
at  the  standard  temperature,  which,  as  we  have  seen  (119),  is 
nearly  15  lbs.  to  the  square  inch.  The  open-air  manometer  is 
represented  in  fig.  114  fixed  against  a  board  fastened  to  a  wall, 
and  connected  with  a  steam  boiler.  It  consists  of  a  glass  tube 
about  20  feet  in  height  open  at  the  top,  and  fixed  at  the  other  end 
to  a  glass  bath,  C,  containing  mercury.    A  long  tube  connects  this 

with  the  boiler.  ,    ,   -,    •  „„„oi 

When  the  elastic  force  of  the  vapour  in  the  boiler  is  equal  to 
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the  pressure  of  the  atmosphere,  it  will  counterpoise  the  weight  of 
the  atmosphere  which  is  transmitted  through  the  tube,  and  the  level 
of  the  mercury  is  then  the  same  in  the  tube  and  in  the  bath.  At 
this  level  the  number  i  is  marked  on  the  board.  Then  since  a 
column  of  mercury  30  inches  in  height  represents  a  pressure  of  an 


Fig.  114. 

atmosphere,  the  number  2  is  marked  at  this  height  above  i  ;  at  a 
height  of  30  inches  above  this  the  number  3  is  marked,  and  so  on, 
each  interval  of  30  inches  representing  an  atmosphere.  Thus,  for 
mstance,  if  the  mercury  had  been  forced  up  to  3^,  as  represented  in 
the  drawing,  that  would  indicate  that  the  tension  of  the  vapour  in 
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the  boiler  is  3^  atmospheres  ;  so  that,  on  each  square  inch  of  the 
internal  surface  of  the  boiler,  there  is  a  pressure  of  3^  x  1 5  pounds, 
or  52 J  pounds. 

The  manometer  with  compressed  air  is  founded  on  Boyle's 
law:  it  consists  of  a  glass  tube  closed  at  the  top  (fig.  115),  and 
filled  with  dry  air.  It  is  firmly  cemented  in  a  small  bath  containing 
mercury.  By  a  tubulure,  this  bath  is  connected  with  the  closed 
vessel  containing  all  the  gas  or  vapour  whose  elastic  force  is  to 
be  measured. 


Fig.  116. 

In  the  graduation  of  this  manometer,  the  quantity  of  air  con- 
tained in  the  tube  is  such  that,  when  the  aperture  communicates 
reely  with  the  atmosphere,  the  level  of  the  mercury  is  the  same  m 
he  tube  and  in  the  bath.    Consequently,  at  this  level,  the  numb 
I  is  marked  on  the  scale  to  which  the  tube  is  affixed.    As  the 
nressme  acting  through  the  tubulure  A  increases,  the  mercury  rises 
F'the  tube  until  its  height  added  to  the  elastic  force  of  the  com- 
nir  is  eoual  to  the  external  pressure.    It  would  consequently 
ïrincorr  c^^^  atmospheres  in  the  middle  of  the  tube; 

?or  since  the  voTume  .f  the  air  is  reduced  to  one-half,  its  elastic 
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force  is  equal  to  two  atmospheres,  and,  together  with  the  weight  of 
the  mercury  raised  in  the  tube,  is  therefore  more  than  two  atmo- 
spheres. The  position  of  the  number  is  a  little  below  the  middle, 
at  such  a  height  that  the  elastic  force  of  the  compressed  air, 
together  with  the  weight  of  the  mercury  in  the  tube,  is  equal 
to  two  atmospheres.  The  exact  position  of  the  numbers  2,  3,  4, 
etc.,  on  the  manometer  scale  can  only  be  detemiined  by  calcula- 
tion. 

135.  Aneroid  barometer. — This  instrument  derives  its  name 
from  the  circumstance  that  no  liquid  is  used  in  its  construction  (à, 
without,  vr]pw,  moist).  Fig.  1 16  represents  one  of  the  forms  of  these 
instruments  constructed  by  Mr.  Casella  ;  it  consists  of  a  cylindrical 
metal  box,  exhausted  of  air,  the  top  of  which  is  made  of  thin  cor- 
rugated metal,  so'  elastic  that  it  really  yields  to  alterations  in  the 
pressure  of  the  atmosphere. 

When  the  pressure  increases,  the  top  is  pressed  inwards  ;  when 
on  the  contrary  it  decreases,  the  elasticity  of  the  lid,  aided  by  a 
spring,  tends  to  move  it  in  the  opposite  direction.  These  motions 
are  transmitted  by  delicate  multiplying  levers  to  an  index  which 
moves  on  a  scale.  The  instrument  is  graduated  empirically  by 
comparing  its  indications  under  different  pressures  with  those  of  an 
ordinary  mercurial  barometer. 

The  aneroid  has  the  advantage  of  being  portable,  and  can  be 
constructed  of  such  dehcacy  as  to  indicate  the  difference  in  pressure 
between  the  height  of  an  ordinary  table  and  the  ground.  It  'is 
hence  much  used  in  surveying  and  in  determining  heights  in 
mountain  ascents.  But  it  is  somewhat  liable  to  get  out  of  repair 
especially  when  it  has  been  subjected  to  great  variations  of  pres- 
sure ;  and  its  indications  must  from  time  to  time  be  compared  by 
means  of  a  standard  barometer. 


MIXTURE  AND  SOLUTION  OF  GASES. 

1 36.  I.aws  of  the  mixture  of  g:ases. — We  have  seen  that  liquids, 
when  they  do  not  act  chemically  on  each  other,  tend  continually  to 
separate,  and  to  become  superposed  in  the  order  of  their  densities. 
This  is  not  the  case  with  gases  ;  being  under  a  continual  tendency 
to  expand,  when  they  mix,  their  mixture  is  found  to  be  subject  to 
the  following  laws  . 

I.  Whatever  theh'  densities,  gases  mix  in  equal  proportions  in 
all  parts  of  the  vessel  in  which  they  are  contained. 
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II.  The  elastic  force  of  the  mixture  is  equal  to  the  sum  of  the 
elastic  forces  of  the  constituents. 

The  first  law  was  shown  experimentally  by  Berthollet,  by  means 
of  an  apparatus  represented  in  fig.  117.  It  consisted  of  two  glass 
globes  provided  with  stopcocks,  which  could  be  screwed  one  on  the 
other.  The  upper  globe  was  filled  with  hydrogen,  and  the  lower 
one  with  carbonic  acid,  which  has  22  times  the  density  of  hydrogen. 
The  globes  having  been  fixed  together  were  placed  in  the  cellars  of 
the  Paris  Observatory,  and  the  stopcocks  then  opened,  the  globe 
containing  hydrogen  being  uppermost.  Berthollet  found,  after 
some  time,  that  the  pressure  had  not  changed,  and  that  in  spite 

of  the  difference  in  density,  the  two 
gases  had  become  uniformly  mixed  in 
the  two  globes.  Experiments  made 
in  tfie  same  manner  with  other  gases 
gave  the  same  results,  and  it  was  found 
that  the  diffusion  was  more  rapid  in 
proportion  as  the  difference  between 
the  densities  was  greater. 

In  accordance  with  this  law,  air 
being  a  mixture  of  nitrogen  and  oxygen, 
which  are  different  in  density,  its  com- 
position should  be  the  same  in  all  parts 
of  the  atmosphere,  which  in  fact  is 
what  has  been  observed. 

Gaseous  mixtures  follow  Boyle's 
law,  like  simple  gases,  as  has  been 
proved  for  air  (i  33),  which  is  a  mixture 
of  nitrogen  and  oxygen. 

137.  Mixture  of  gases  and  liquids, 
many  liquids  possess  the  property  of 


Fig.  117- 


Absorption.— Water  and   ,      ,        .  .  , 

absorbing  erases.    Under  the  same  conditions  of  pressure  and  tem- 
perature! hquid  does  not  absorb  equal  quantities  of  different  gases. 
At  the  ordinary  temperature  and  pressure  water  dissolves  us 
volume  of  nitrogen,  ^  its  volume  of  oxygen,  its  own  volume  of 
carbonic  acid,  and  430  times  its  volume  of  ammomacal  gas. 
The  general  laws  of  gas-absorption  are  the  following  : 
I  For  the  same  gas,  the  same  liguid,  and  the  same  temperature, 
the  weiM  of  gas  absorbed  is  proportional  to  the  pressure.  This 
nay  alfo  be  ex^pressed  by  saying  that  at  all  pressures  the  volume 
dissolved  is  the  same  ;  or  that  the  density  of  the  gas  absorbed  is 
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in  a  constant  relation  with  that  of  the  external  gas  which  is  not 
absorbed. 

Accordingly,  when  the  pressure  diminishes,  the  quantity  of 
dissolved  gas  decreases.  If  a  solution  of  a  gas  be  placed  under 
the  air-pump  and  a  vacuum  created,  the  gas  obeys  its  expansive 
force  and  escapes  with  effervescence. 

The  manufacture  of  aerated  water  is  a  practical  application  of 
this  laAv.  By  means  of  force-pumps  an  excess  of  carbonic  acid  is 
dissolved  in  the  water,  and  the  solution  is  then  preserved  in  carefully 
closed  vessels.  It  is  the  carbonic  acid  dissolved  in  beer,  in  cham- 
pagne, and  in  all  effervescing  liquids,  which,  rapidly  escaping  when 
the  bottles  are  uncorked,  produces  the  well-known  report,  and 
carries  with  it  a  greater  or  less  quantity  of  the  liquid. 

II.  The  quantity  of  gas  ab  <iorbed  is  greater  when  the  temperatwe 
is  lower;  that  is  to  say,  when  the  elastic  force  of  the  gas  is  less. 

III.  The  quantity  of  gas  which  a  liquid  can  dissolve  is  iiidepejt- 
deitt  of  the  jtatiire  and  of  the  quantity  of  other  gases  which  it  may 
already  hold  in  sohition. 


CHAPTER  III. 
APPARATUS  FOUNDED  ON  THE  PROPERTIES  OF  AIR. 

138.  Air-pump.— The  air-pump  is  an  instrument  by  which  a 
vacuum  can  be  produced  in  a  given  space,  or  rather  by  which  air 
can  be  greatly  rarefied,  for  an  absolute  vacuum  cannot  be  produced 
by  its  means.  It  was  invented  by  Otto  von  Guericke  in  1650,  a 
few  years  after  the  invention  of  the  barometer. 

Fig.  118  gives  a  perspective  view  of  the  pump,  fig.  119  gives  a 
detailed  longitudinal  section,  and  fig.  120  gives  a  cross  section. 

The  pump  consists  of  two  stout  glass  barrels  in  which  two  pis- 
tons, P  and  Q,  made  of  leather  well  soaked  with  oil,  move  up  and 
down,  and  close  the  barrels  air-tight.  The  pistons  arc  fixed  to  two 
racks,  A  and  B,  working  with  a  pinion  K  (fig.  120),  which  is  moved 
by  a  handle  MN,  so  that  when  one  piston  rises  the  other  descends. 

The  two  barrels  are  firmly  cemented  on  the  base,  H,  which  is  of 
brass  ;  on  this  plate  is  a  column,  I,  terminated  by  a  plate  G.  On 
this  plate  IS  a  glass  bell  jar  which  is  called  the  receiver.    In  the 
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interior  of  the  column  is  a  conduit,  which  is  prolonged  below  the 
base  between  the  two  barrels.  It  there  branches  in  the  shape  of 
a  T,  terminating  in  two  apertures,  a  and  b,  in  the  bottom  of  the 
cylinders     These  apertures  are  conical,  and  are  closed  by  two 


smaU  conical  valves  ;  these  ll^  are 

1  oiv  flo-Vit  hut  with  gent  e  friction  in  the  pistons,    in  uii.  F 
work  air-tight,  OUI  %Mui  .      ...itli  the  lower  part  of  the 

^.,i;nHrirnl  cavitv  communicating  wim  tne  iowl,i  p 
is  a  cyhndiicai  caviiy  ^     .^.^^  ,^  f  Thpse  aoertures  are  closed 
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each  of  the  rods  themselves.  The  four  valves,  a,  b,  s,  t,  open 
upwards. 

These  details  being  known,  the  working  of  the  machine  is  readily- 
understood.  It  is  sufficient  to  consider  what  takes  place  in  a  single 
piston  (fig.  119).  The  piston  P  being  first  at  the  bottom  of  its 
stroke,  on  rising  it  raises  the  rod  which  traverses  it,  and  therewith 
the  valve  a,  which  remains  open  during  the  ascent.  The  valve  t, 
which  is  in  the  piston,  remains  closed  by  the  action  of  the  spring 


Fig-  119. 

and  by  the  pressure  of  the  atmosphere,  which  acts  in  the  barrel 
through  an  aperture,  r,  in  the  cover.  From  this  positio.i  of  the 
two  valves,  it  will  be  seen  that,  as  the  piston  rises,  the  external 
pressure  of  the  atmosphere  cannot  act  in  the  bottom  of  the  barrel, 
but  the  air  of  the  receiver,  in  virtue  of  its  elasticitv,  expands  and 
passes  by  the  conduit,  I  and  H,  into  the  barrel.  The  receiver  is 
still  full  of  air,  but  it  is  more  rarefied  ;  it  is  less  dense. 

When  the  piston  descends,  the  rod  which  bears  the  valve  a 
descendmg  with  it,  communication  between  the  receiver  and  the 
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barrel  is  cut  off.    The  air  in  the  barrel  becomes  more  and  more 
compressed,  its  elastic  force  increases,  and  finally  overcomes  the 
atmospheric  pressm-e  ;  so  that  the  valve  A  being  pressed  upwards 
by  the  elastic  force  of  the  air  in  the  interior  more  strongly  than  it 
is  pressed  downwards  by  the  atmosphere,  is  raised,  and  allows  the 
air  of  the  barrel  to  escape  into  the  upper  part  of  the  barrel,  and 
thence  into  the  atmosphere.    Thus  a  certain  quantity  of  air  has 
been  removed.    A  fresh  quantity  is  removed  at  a  second  stroke  ot 
he  piston,  another  at  the  third  and  so  on.    The  air  m  the  receiver 
thu  gradually  more  and  more  rarefied  ;  yet  all  the  a-  cannot  be 
entirely  extracted,  for  it  ultimately  becomes  so  rarefied  both  in  the 
S'ver  and  in  the  barrel,  that  when  the  piston  P  is  at  the  bot  om 
of  its  stroke,  the  compressed  gas  below  the  piston  has  no  longer 
sufficient  force  to  overcome  the  resistance  of  the  atmosphere  and 
foixe  open  the  valve,  t.    The  limit  of  rarefaction  has  then  been 
'°  ^     ^  attained,  and  it  is  useless  to  work 

the  pump  any  longer. 

What  has  been  said  in  refer- 
ence to  one  barrel  applies  also 
to  the  other.  The  machine 
will  work  with  one  ;  and  the  first 
air-pumps  had  but  one.  The 
advantage  of  having  two  is  that 
the  vacuum  is  more  rapidly 
produced.  The  use  of  double 
action  air-pumps  was  first  intro- 
duced by  Hawksbee. 

139.  Measurement  of  tbe 
degree  of  rarefaction  in  the 
receiver.  —  Since    a  perfect 
vacuum  cannot  be  obtained  m 
the  receiver,  it  is  useful  to  have 
a  means  of  ascertaining  the  de- 
cree of  rarefaction  at  any  par- 
ticular time.    This  is  effected  by 
means  of  a  glass  cylinder,  E, 
connected  by  a  brass  cap  with 
Fig  1.0.  the  conduit  in  the  column  I 
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The  closed  branch  being  at  first  full  of  mercury,  so  long  as  the 
air  in  the  receiver  P  and  in  the  cylinder  E  has  sufficient  tension, 
it  sustains  the  mercury  in  the  tube  ;  the  height  of  which  is  from 
six  to  eight  inches.  But  as  the  pump  is  worked,  the  air  becomes 
more  and  more  rarefied,  and  has  no  longer  the  elastic  force  suffi- 
cient for  retaining  the  column  of  mercury  in  the  closed  limb.  It 
accordingly  sinks  in  this  limb  and  rises  in  the  other.  The  greater 
the  rarefaction,  the  smaller  the  difference  of  the  level  in  the  two  limbs. 
They  are,  however,  never  exactly  equal  ;  that  would  correspond  to 
a  perfect  vacuum.  The  mercury  is  always  at  least  the  -^-^th.  of  an 
inch  higher  in  the  closed  branch.  This  is  expressed  by  saying  that 
a  vacuum  has  been  created  within  ^-^th  of  an  inch. 

140.  Uses  of  the  air-pump.  —  A  great  many  experiments 
with  the  air-pump  have  been  already 
described.  Such  are  the  mercurial 
rain  (fig.  i),  the  fall  of  bodies  in 
vacuo  (fig.  38),  the  bladder  (fig.  91), 
the  bursting  of  a  bladder  (fig.  93),  the 
Magdeburg  hemispheres  (fig.  94),  and 
the  baroscope  (fig.  139). 

The  foimtain  in  vacuo  (fig.  121)  is 
an  experiment  made  with  the  air- 
pump,  and  shows  well  the  elastic 
force  of  the  air.  It  is  a  flask  con- 
taining water  and  air  ;  the  neck  is 
closed  by  a  cork,  through  which  passes 
a  tube  dipping  in  the  liquid.  The  flask 
being  placed  under  the  receiver,  a  jet 
of  water  issues  from  the  top  of  the 
tube  as  soon  as  the  air  is  sufficiently 
rarefied.  This  is  due  to  the  elastic 
force  of  the  air  enclosed  in  the  flask. 

By  means  of  the  air-pump  it  may 
be  shown  that  air,  by  reason  of  the 
oxygen  it  contains,  is  necessary  for 
the  support  of  combustion  and  of  life. 
For  if  we  place  a  lighted  taper  under 
the  receiver  and  begin  to  exhaust  the 
air,  the  flame  becomes  weaker  as  rare- 
faction proceeds,  and  is  finally  extin- 
guished.  Similarly  an  animal  faints  and  dies  if  a  vacuum  is  formed 
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in  a  receiver  under  which  it  is  placed.  Mammaha  and  birds  soon 
die  in  vacuo.  Fishes  and  reptiles  support  the  loss  of  air  for  a  much 
longer  time.    Insects  can  live  several  days  in  vacuo. 

141.  Application  of  the  vacuum  to  the  preservation  of 
food. — An  important  application  has  been  made  of  the  vacuum  in 
preserving  food.  The  germs  present  everywhere  in  air,  under  the 
influence  of  heat  and  moisture,  make  animal  and  vegetable  matters 
rapidly  ferment  and  putrefy  ;  but  if  the  air  be  removed  by  ex- 
hausting, they  may  be  kept  fresh  for  many  years. 

Appert  was  the  first  in  1809  to  devise  a  means  of  preserving 
food  in  a  vacuum,  which  consists  in  placing  the  substances  to  be 
preserved  in  tin  vessels,  which  are  closed  hermetically,  and  then 
heated  in  boiling  water  for  some  time  ;  under  the  influence  of  heat 
the  small  quantity  of  oxygen  left  in  the  vessel  is  absorbed  by  the 
substance  placed  there,  so  that  only  nitrogen  is  present  in  the 
free  state.  Not  only  this,  but  the  high  temperature  destroys  the 
germs,  which  are  the  active  agents  in  starting  putrefaction.  Sub- 
stances properly  prepared  in  this  manner  may  be  kept  for  years 
without  alteration. 

Appert's  method  is  modified  in  England  in  the  following  manner. 
Instead  of  boihng  the  food  while  contained  in  the.  closed  vessel, 
a  small  hole  is  left  in  the  hd,  through  which  escape  the  air  and 
vapours  produced  during  ebullition.  When  it  is  supposed  that  all 
the  air  has  been  expelled,  a  drop  of  melted  lead  is  allowed  to  fall 
on  the  small  hole  in  the  cover  which  completely  closes  it.  This 
method  is  practised  on  the  large  scale  in  preserving  food  and 
vegetables  for  the  use  of  sailors,  and  also  in  preserving  Australian 
meat,  which  is  now  consumed  in  large  quantities. 

142.  Condensing:  pump.— The  condensing  pump  is  an  ap- 
paratus for  compressing  air  or  any  other  gas.  The  form  usually 
adopted  is  the  following  :  In  a  cylinder,  A,  of  small  diameter  (tig. 
122),  there  is  a  solid  piston,  the  rod  of  which  is  worked  by  the 
hand.  The  cylinder  is  provided  with  a  screw,  which  fits  into  the 
receiver,  K.  Fig.  1 23  shows  the  arrangement  of  the  valves,  which 
are  so  constructed  that  the  lateral  valve,  0,  opens  from  the  outside 
and  the  lower  valve,  s,  from  the  inside. 

When  the  piston  descends,  the  valve  0  closes,  a;nd  the  elastic 
force  of  the  compressed  air  opens  the  valve  s,  which  thus  allows  the 
compressed  air  to  pass  into  the  receiver.  When  the  piston  ascends, 
s  closes  and  0  opens,  and  permits  the  entrance  of  fresh  air,  which 
in  turn  becomes  compressed  by  the  descent  of  the  piston,  and  so  on. 
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This  apparatus  is  chiefly  used  for  charging  liquids  with  gases. 
For  this  purpose  the  stopcock  B  is  connected  with  a  reservoir  of 
the  gas,  by  means  of  the  tube  D.  The 
pump  exhausts  this  gas,  and  forces  it  into 
the  vessel  K,  in  which  the  liquid  is  con- 
tained. This  can  be  drawn  off  by  the 
stopcock  E.  The  artificial  aerated  waters 
are  made  by  means  of  analogous  apparatus. 

143.  Air-gun. — This   is   an  interesting 


Fig.  122. 


Fig.  12.^. 


applicaUon  of  the  condensing  pump.  At  the  end  of  llie  receive 
is  a  valve  which  opens  inwards  and  allows  air  to  enter  but  not  to 
escape.  To  this  receiver  is  screwed  a  barrel  as  represented  in 
fig.  124,  in  which  a  piston  works.  When  the  piston  is  at  the 
bottom  of  the  barrel,  air  can  escape  through  two  side  holes,  a. 
When  the  piston  is  pushed  down,  air  cannot  escape  from  the 
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reservoir  ;  the  barrel  is  filled  with  a  fresh  supply,  which  is  pressed 
into  the  receiver,  and  so  forth. 

When  the  air  in  the  receiver  has  been  condensed,  the  charging 
barrel  is  unscrewed  and  a  firing  barrel  screwed  on.  On  touching 
a  trigger  (not  represented  in  the  figure)  the  valve  is  opened,  a  portion 
of  air  escapes  and  projects  the  bullet  ;  the  valve  is  closed  again  at 
once.  Thus,  when  once  the  air-gun  i<^  charged,  several  shots  may 
be  made  in  succession,  though  they  become  gradually  weaker. 

144.  Hiero's  fountain. —  Micro's  fountain  is  an  arrangement 
by  which  a  jet  may  be  obtained,  which  lasts  for  some  time.  It 
derives  its  name  from  its  inventor,  Hiero,  who  lived  at  Alexandria 
120  B.c.,  and  depends  on  the  elasticity  of  the  air.  It  consists  of 
a  brass  dish  (fig.  125),  and  of  two  glass  globes.  The  dish  com- 
municates with  the  lower  part  of  the  globe  by  a  long  tube  ;  and 
another  tube  conr.ects  the  two  globes.  A  third  tube  passes  through 
the  dish  to  the  lower  part  of  the  upper  globe.  This  tube  having 
been  taken  out,  the  upper  globe  is  partially  filled  with  water,  the 
tube  is  then  replaced,  and  water  is  poured  into  the  dish.  The 
water  flows  through  the  long  tube  into  the  lower  globe,  and  expels 
the  air,  which  is  forced  into  the  upper  globe  ;  the  air  thus  com- 
pressed acts  upon  the  water,  and  makes  it  jet  out  as  represented 
in  the  fio-ure.  If  it  were  not  for  the  resistance  of  the  atmosphere, 
and  friction,  the  liquid  would  rise  to  a  height  above  the  water  in 
the  dish  equal  to  the  diff"erence  of  the  level  in  the  two  globes. 

T45.  intermittent  fountain.— The  intermittent  fountain  de- 
pends partly  on  the  elastic  force  of  the  air  and  partly  on  the 
atmospheric  pressure.  It  consists  of  a  stoppered  glass  globe,  a 
(fig.  1.26),  provided  with  two  or  three  capillary  tubulures.  A  glass 
tube  d  open  at  both  ends,  reaches  at  one  end  to  the  upper  part 
of  the  globe,  a  ;  the  other  end  is  fitted  in  a  support,  c,  placed  in 
the  middle  of  the  dish,  vi,  wliich  supports  the  whole  appa- 
ratus. The  support,  c,  is  perforated  with  small  holes,  which 
allow  air  to  pass  into  the  tube  just  above  a  little  aperture  in  the 
dish,  in. 

The  water,  with  which  the  globe,  a,  is  nearly  two-thn-ds  filled, 
runs  out  by  the  tubes,  as  shown  in  the  figure  ;  the  internal  pres- 
sure being  equnl  to  the  atmospheric  pressure,  together  with  the 
weight  of  the  column  of  water,  while  the  external  pressure  at  that 
point  is  only  that  of  the  atmosphere.  These  conditions  prevail  so 
lono-  as  the  lower  end  of  the  glass  tube  is  open,  that  is,  so  long  as 
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air  cfin  enter  and  keep  the  air  in  a  at  the  same  density  as  the  ex- 
ternal air  ;  but  the  apparatus  is  arranged  so  that  the  orifice  in  the 
dish  does  not  allow  so  much  wateu  to  flow  out  as  it  receives  from 
the  upper  tubes,  in  consequence  of  which  the  level  gradually  rises  in 


Fig.  125. 


thé  dish,  and  then  closes  the  lower  end  of  the  glass  tube.  As  the 
external  air  cannot  now  enter  the  globe,  a,  the  air  becomes  rarefied 
in  proportion  as  the  flow  continues,  until  the  pressure  of  the  column 
of  water,  together  with  the  elastic  force  of  the  air  contained  in 


Fig.  126. 

tube  opens  again,  air  enters,  and  the  flow  recommences,  and  so  on, 
as  long  as  there  is  water  in  the  globe  <?. 

146.  SypUon  inkstand.— This  instrument,  the  object  of  which 
is  to  protect  inlc  from  too  rapid  evaporation,  is  an  interesting  illus- 
tration of  the  pressure  of  the  atmosphere,  and  of  the  elasticity  of 
air.  It  consists  of  a  glass  vessel  of  the  shape  of  a  truncated  pyra- 
mid (fig.  127),  closed  every svherc  except  at  the  bottom,  where  there 
is  a  tubulure,  which  is  always  open.    The  inkstand  is  partially 
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full  of  ink,  while,  there  is  air  at  the  top.  The  level  of  the  ink 
inside  being  higher  than  in  the  tubulure,  the  elastic  force  of 
the  air  inside  is  a  little  less  than 
the  pressure  of  the  atmosphere  on 
the  ink  in  the  tubulure.  As  the  ink 
there  is  used,  its  level  sinks,  and  is 
finally  lower  than  the  point  0.  At 
this  moment  a  bubble  of  air  passes 
into  the  interior,  and  the  elastic  force 
being  thereby  increased,  the  level  of 
the  ink  descends  in  the  inside  and 
rises  in  the  tubulure.  This  goes  on 
until  the  internal  level  is  at  the  point 
0.  More  ink  must  then  be  added, 
which  is  effected  by  pouring  it  into 
the  tubulure,  care  being  taken  to  in- 
cline the  inkstand  in  the  opposite 
direction.     The  fountains  in  birdcages  are  on  a  similar  principle. 


PUMPS. 

147.  Suction  pumps. — Pumps  are  machines  for  raising  liquids. 
Their  invention,  which  is  of  great  antiquity,  is  attributed  to 
Gtesibias,  a  celebrated  mechanician,  who  flourished  at  Alexandria, 
130  B.c.  They  are  met  with  many  modifications,  but  may  all  be 
referred  to  three  types,  the  suction  or  lift-pump,  the  forci/tgpuinp, 
and  the  suction  and  forcing  pump. 

The  suction  or  lifting  pump,  represented  in  fig.  128,' consists  of 
a  cast-iron  cylinder  called  the  barrel,  at  the  bottom  of  which  is  a 
pipe  of  a  smaller  chameter,  which  dips  in  the  well.  At  the  top  of 
this  pipe  is  a  clack  valve,  which  is  re^  resented  in  the  drawing  as 
being  open.  It  moves  easily  up  and  down,  and  it  establishes  a 
communication  between  the  cylinder  and  the  body  of  the  pump 
when  it  is  open,  and  breaks  it  when  closed.  The  piston  in  the 
barrel  consists  of  a  thick  disc  of  metal  or  of  leather,  coated  with 
tow  or  with  leather.  The  piston  is  perforated  by  a  small  hole, 
which  is  closed  by  a  valve;  the  valve  is  like  that  in  the  barrel, 
and,  like  it,  opens  upwards.  The  piston  is  worked  by  means  of 
a  long  lever,  which  is  the  handle.  This  is  joined  at  one  end  to  a 
forked  rod,  a,  which  is  connected  with  the  piston  rod,  b.    As  it  is 
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impoi-tant  that  the  piston  move  in  a  straight  hne,  it  is  guided  by 
passing  through  a  hole  in  a  fixed  piece,  o. 

The  manner  in  which  the  water  is  faised  will  be  understood 
from  an  inspection  of  figs.  129,  130,  and  131,  which  represent  the 
piston  and  the  valves  in  three  different  positions.    When  the 


Fig.  12S. 

pump  has  not  been  worked,  the  barrel  and  the  pipe  are  full  of  air 
under  the  ordinary  atmospheric  pressure,  which  counterbalances 
the  external  atmospheric  pressure  on  the  well.  Hence  ,t  fo  lows 
that  the  level  of  the  water  inside  and  outside  is  the  same.    W  hen 
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the  piston  rises  (fig.  129),  as  the  valve  is  pressed  down  by  its 
own  weight  and  by  that  of  the  atmosphere,  a  vacuum  is  created 
below  the  piston  ;  but,  in  virtue  of  its  elastic  force,  the  air  which 
fills  the  pipe  B  soon  opens  the  valve,  a,  and  passes  into  the  barrel. 
The  air  in  the  pipe  B  losmg  then  in  elastic  force  what  it  gains  in 
volume  (133),  its  pressure  is  no  longer  equal  to  the  external  pressure 
on  the  water  in  the  well.  Hence  water  rises  in  the  pipe,  as  repre- 
sented in  the  diagram.    If  now  the  piston  sinks  (fig.  130),  the 


Fig.  129. 


Fig.  130. 


Fig. 
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valve  a  closes  ;  and  as  the  air  thus  enclosed  in  the  barrel  becomes 
more  and  more  compressed,  a  moment  an-ives  when  its  elastic 
force  e.Kceeds  the  pressure  of  the  atmosphere  ;  the  valve  c  is  then 
raised  and  air  escapes  into  the  top  of  the  barrel,  and  thence  into 
the  atmosphere.  With  a  second  ascending  stroke  of  the  piston 
the  same  phenomena  are  reproduced  ;  that  is,  the  valve  c  falls 
and  the  valve  a  opens,  the  water  being  thus  raised  in  the  pipe 
ultimately  passes  beyond  the  valve  a,  and  completely  fills  the 
barrel.  From  this  time,  when  the  piston  re-descends,  and  the 
valve  a  closes,  the  pressure  e.xerted  on  the  water  raises  the  valve  c 
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and  the  water  passes  above  the  piston  (fig.  130).    Once  this  effec 
is  produced,  when  the  piston  ascends,  the  valve  c  closes  and  • 
the  water  which  has  passed  above  the  piston,  being  raised  with  it, 
ultimately  flows  out  by  a  lateral  tubulure  in  the  barrel. 

Since  it  is  the  atmospheric  pressure  which  raises  the  water  in 
the  pipe,  the  height  of  the  valve  a,  above  the  level  in  the  vessel, 
cannot  exceed  a  certain  limit.  A  column  of  water,  34  feet  in 
height,  balances,  as  we  have  seen,  the  pressure  of  the  atmosphere 
(III)  Hence  if  the  pipe  had  a  greater  length  than  this,  w^hen 
once  water  had  reached  this  height,  the  column  of  water  in  the 
pipe  would  balance  the  pressure  of  the  atmosphere  on  the  water 
of  the  well,  and  it  could  not  be  raised  any  higher.  This,  therefore, 
would  be  the  extreme  theoretical  limit  which  the  pipe  could  have  ; 
but  in  practice  the  height  of  the  tube  A  does  not  exceed  20  to  2Ô 
feet  •  for,  although  the  atmospheric  pressure  can  support  a  higher 
'  column,  the  vacuum  produced  in 

the  barrel  is  never  perfect,  owing 
to  the  fact  that  the  piston  does  not 
fit  exactly  on  the  bottom  of  the 
barrel.  But  when  the  water  has 
passed  the  piston,  it  is  the  lifting 
force  of  the  latter  which  raises  it, 
and  the  height  to  which  it  can  be 
brought  depends  on  the  force  which 
works  the  piston. 

148.   rorce-pump.  —  In  this 
form  of  pump,  water  is  not  raised 
by  the  pressure  of  the  atmosphere, 
but  by  the  pressure  of  the  piston  on 
the  water  during  its  descent.  For 
this  purpose  the  piston  is  solid,  that 
^       is  has  no  valve,  and  there  is  no 
lifting  pipe,  the  barrel  being  im- 
"       mersed  in  the  liquid  to  be  raised 
(figs.  132  and  133)-    There  are  two 
valves  in  the  barrel  ;  one  a,  in  the 
bottom,  opens  upwards;  the  other,  ■:,  is  placed  m  the  orifice  of  a 


Fig.  132. 
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that  of  the  atmosphere,  raises  the  valve  a,  and  passes  into  the 
barrel,  which  it  fills  completely.  The  motion  of  the  valve  is  just 
reversed  when  the  piston  descends  (fig.  133).  By  its  own  weight 
and  by  the  pressure  upon  it,  the  valve  a  closes,  while  the  valve  c 
opens  and  gives  exit  to  the  water  in  the  barrel,  which  then  rises 
to  a  height  depending  on  the  pres- 
sure exerted  by  the  piston.  If  this 
amounts  to  a  pressure  of  one  atmo- 
sphere, water  rises  34  feet  in  the 
pipe  H  (118);  if  it  is  two  atmo- 
spheres water  rises  to  68  feet,  and 
so  on  ;  that  is,  always  to  a  height  of 
34  feet  for  a  pressure  of  one  atmo- 
sphere. The  height,  therefore,  to 
which  water  can  be  raised  in  these 
pumps  is  not  limited  as  it  is  in  the 
suction-pump. 

From  what  has  been  said,  it 
will  be  seen  that  water  only  rises 
in  the  pipe  H  when  the  piston 
descends  ;  there  is,  therefore,  an 
intermittent  flow  at  the  end  of  the 
pipe.  A  more  regular  flow  is  ob- 
tained by  arranging  two  pumps, 
both  forcing  water  into  the  same 
pipe,  and  in  such  a  manner  that, 
when  one  piston  rises,  the  other 
sinks.  It  is  by  means  of  such  an  arrangement  of  two  pumps, 
that  air  is  raised  to  the  wicks  in  Carcel's  lamp.  At  the  base  of 
these  lamps,  and  immersed  in  the  oil  itself,  are  two  small  pumps 
worked  by  a  clock-work  motion,  which  is  wound  up  like  a  clock. 
Such  a  system  is  also  applied  in  fire-engines. 

149.  Fire-eng:ines. — In  a  fire-engine,  water  has  to  be  forced  to 
a  great  height  in  a  continuous  stream.  Fig.  134  represents  a  section 
of  such  a  pump.  To  the  handles  PO  are  fixed,  by  means  of  a  joint, 
two  rods  which  work  the  pistons  m  and  n  in  two  brass  barrels. 
These  pumps  are  placed  in  a  trough,  MN,  of  the  same  metal,  which 
is  called  the  tank,  and  which  is  fed  with  water  while  the  pump  is  at 
work.  Between  these  two  is  an  air-chamber  R,  with  a  lateral 
aperture  Z,  to  which  can  be  attached  a  long  leather  tube.  This 
tube  is  provided  at  the  end  with  a  long  conical  copper  tube, 


Fig.  133. 
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and  which  has  an  aperture  only  about  three-fifths  of  an  inch 
diameter. 

The  use  of  the  air-chamber  is  as  follows  :  Although  the  pistons 
work  alternately  there  would  necessarily  be  some  intermittence  m 
the  jet  when  they  are  at  the  top  or  at  the  bottom  of  their  course. 
But  the  water,  instead  of  being  forced  by  the  pumps  directly  into 
the  ascending  pipe,  first  passes  into  the  reservoir  R,  as  shown  in 
fie  n4  Owing  to  the  resistance  in  the  tube  and  on  the  jet,  it 
flows  out  of  the  reservoir  more  slowly  than  it  enters.  Its  level  rises 
in  the  reservoir,  and  as  the  air  is  thereby  reduced  in  volume,  its 


Fig-  134- 


m-essure  increases,  so  that  the  compressed  air,  reacting  on  the  water 
when  the  pistons  stop,  forces  out  the  water  and  thus  keeps  up  the 
;t2mty'o^  the  jet'  '  A  good  fire-engine  worked  by  eight  men  .  lU 

1^  neaual  legs  (fig.  135).  It  is  used  in  transferring  liquids, 
and  -•t^;-^^;^^^^ vhich  1  ey  are  to  be  removed  without  dis- 
especially  in  cases  m  w  y  ^^^^  following 

""V^'^XntU:^^^  some  liquid,  and,  the  two  ends 
S  ciosS:  t£  sCtlr  leg  is  dipped  in  the  liquid  as  represented 
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ill  fig.  135  ;  or,  the  shorter  leg  having  been  dipped  in  the  liquid,  the 
air  is  exhausted  by  applying  the  mouth  at  b.  A  vacuum  is  thus 
produced,  the  liquid  in  d  rises  and  fills  the  tube  in  consequence  of 
the  atmospheric  pressure.  It  will  then  run  out  through  the  syphon 
as  long  as  the  shorter  end  dips  in  the  liquid. 

A  syphon  of  the  form  represented  in  fig.  136  is  used  where  the 
presence  of  the  licjuid  in  the  mouth  would  be  objectionable.  A 
tube,  a,  is  attached  to  the  longer  branch,  and  it  is  filled  by  closing 
the  end  of  the  longer  limb,  and  sucking  at  the  end  of  a. 


F'S'  '35-  Fig.  136. 

To  explain  this  flow  of  water  from  the  syphon,  let  us  suppose  it 
filled  and  the  short  leg  immersed  in  the  liquid.  The  pressure  then 
acting  on  d,  and  tending  to  raise  the  liquid  in  the  tube,  is  the  at- 
mospheric pressure  minus  the  height  of  the  column  of  liquid,  cd. 
In  hke  manner,  the  pressure  on  the  end  of  the  tube  b  is  the  weic^ht 
of  the  atmosphere  less  the  pressure  of  the  column  of  liquid, 
But  as  this  latter  column  is  longer  than  cd,  the  force  acting  at  b  is 
less  than  the  force  acting  at  d,  and  consequently  a  flow  takes  place 
proportional  to  the  difference  between  these  two  forces.  The  flow 
will  therefore  be  more  rapid  in  proportion  as  the  difference  of  level 
between  the  aperture  b  and  the  surface  of  the  liquid  in  d  i 
greater. 
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T  intermittent  springs.  Tantalus'  cup.-In  nature  springs 
are  met  with  whose  flow  is  spontaneously  interrupted,  and  which 
begins  again  after  a  longer  or  shorter  interval.  This  phenomenon 
depends  on  the  action  of  the  syphon,  and  is  readily  understood  by 


Fig.  137- 

reference  to  fig.  I37,  which  represents  a  subterranean  reservoir  fed 
bv  a  ser  e  of  fissuiîs  in  the  earth  ;  the  channel  by  which  the  water 
flows  ouUs  on  the  left  of  the  figure,  and  on  coming  to  the  surface 
flows  out     01  reservoir  is  represented  as  just 

by  which  water  is  supplied  furnish  a 
smaller  quantity  than  that  by  which  it 
flows  out,  the  reservoir  together  with 
the  channel  is  gradually  emptied,  and 
the  flow  then  ceases.  The  reservoir 
gradually  fills  again,  but  the  water 
cannot  flow  out  until  it  has  risen  to 
the  height  represented  by  the  dotted 
line,  and  the  syphon  has  begun  to 
work  again.  . 
The  action  of  Tantalus'  cup,  which 
...1  în  fi?  I  -^S  will  be  at  once  understood  ;  and  the  same 

graphers  for  washing  prints. 


Fig.  138- 
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CHAPTER  IV. 

PRESSURE  ON  BODIES  IN  AIR.  BALLOONS. 

152.  Archimedes'  principle  applied  to  §^ases. — The  pressure 
exerted  by  gases  on  bodies  immersed  in  them,  is  transmitted  equally 
in  all  directions,  as  has  been  shown  by 
the  experiment  with  the  Magdeburg 
hemispheres.  It  therefore  follows,  that 
all  which  has  been  said  about  the  equi- 
librium of  bodies  in  liquids,  applies  to 
bodies  in  air  ;  they  lose  a  part  of  their 
weight  equal  to  that  of  the  air  which 
they  displace. 

This  loss  of  weight  in  air  is  demon- 
strated by  means  of  the  baroscope, 
which  consists  of  a  scale-beam,  at  one 
of  whose  ends  a  small  leaden  weight 
is  supported,  and  at  the  other  there  is 
a  hollow   copper   sphere   (fig.  jjg). 
They  are  so  constructed  that  in  air 
they  exactly  balance  one  another,  but 
when  they  are  placed  under  the  re- 
ceiver of  the  air-pump  and  a  vacuum  is 
produced,  the  sphere  sinks  ;  thereby 
showing  that  in  reality  it  is  heavier  than  the  small  leaden  wei-ht 
Before  the  a.r  is  exhausted  each  body  is  buoyed  up  by  the  wefgh^ 
0  the  a>r  wh.ch  it  displaces.    But  as  the  sphere  is  much  the  larger 
of  the  two.  Its  weight  undergoes  most  apparent  diminution  ;  and 
hus,  though  m  reality  the  heavier  body,  it  is  balanced  by  the  mall 
eaden  weight.    It  may  be  proved  by  means  of  the  same  apparatus 
rtiat  this  loss  ,s  equal  to  the  weight  of  the  displaced  air,  and  we 
may  thus  generalise  Archimedes'  principle  and  say  that  any  body 
plunged  m  any  fluid  whether  it  be  a  liquid  or  a  gas,  loses  part  of 
Its  weight  equal  to  the  weight  of  the  displaced  fluid.  Hencebodies 
^veighed  m  air  usually  mdicate  too  small  a  weight.    To  h  '  e  ' 
exact  weight  the  volume  of  the  weights  and  of  the  displaced  flj 
should  be  exactly  the  same,  which  is  seldom  the  case     Tl  '  n,I 
weight  of  bodies  is  obtained  by  weighing  them  in  a  vacmun 

L  2 
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The  principle  of  Archimedes  being  thus  true  for  bodies  in  air,  all 
that  has  been  said  about  bodies  immersed  in  liquids  applies  to 
them,  that  is,  that  when  a  body  is  heavier  than  air  it  will  sink, 
owing  to  the  excess  of  its  weight  over  the  buoyancy.  If  it  is  as  heavy 
as  air,  its  weight  will  exactly  counterbalance  the  buoyancy,  and  the 
body  will  float  in  the  atmosphere.  If  the  body  is  lighter  than  air, 
the  buoyancy  of  the  air  will  prevail,  and  the  body  will  rise  in  the 
atmosphere  until  it  reaches  a  layer  of  the  same  density  as  its  own. 
The  force  of  the  ascent  is  equal  to  the  excess  of  the  buoyancy  over 
the  weight  of  the  body.  This  is  the  reason  why  smoke,  vapours, 
clouds,  and  air  balloons  rise  in  the  air. 

153.  Air  balloons. — Air  balloons  3.xe  hollow  spheres  made  of 
some  light  impermeable  material,  which,  when  filled  with  heated 
air,  with  hydrogen  gas,  or  with  coal  gas,  rise  in  the  air  in  virtue  of 
their  relative  lightness. 

They  were  invented  by  the  brothers  Montgolfier,  of  Annonay, 
and  the  first  experiment  was  made  at  that  place  in  June  1783. 
Their  balloon  was  a  sphere  of  40  yards  in  circumference,  and 
weighed  500  pounds.  At  the  lower  part  there  was  an  aperture,  and 
a  sort  of  boat  was  suspended,  in  which  was  burnt  paper  and  straw. 
The  heated  air  thus  produced  gradually  inflated  the  balloon,  and 
when  it  was  full  of  expanded  air,  which  was  thus  lighter  than  the 
external  air,  the  weight  of  the  balloon  and  its  hot  air  being  less  than 
that  of  the  air  which  it  displaced,  it  soon  rose  to  a  height  of  more 
than  2,000  yards,  to  the  great  astonishment  of  the  assembled 
spectators.  It  rapidly  descended,  however,  for  the  hot  air  it  con- 
tained soon  became  cooled  in  the  higher  regions  of  the  atmosphere. 

The  experiment  at  Annonay  excited  great  interest  all  over  France, 
and  pending  the  repetition  on  a  larger  scale  at  the  expense  of  the 
Government,  Charles,  a  professor  of  physics,  constructed  a  smaller 
balloon,  about  13  feet  in  diameter,  which  was  filled  with  hydrogen 
instead'of  heated  air.  The  use  of  hydrogen  is  very  advantageous, 
for,  as  it  is  almost  14  times  less  dense  than  air,  its  ascensional  force 
is  far  greater  than  that  of  hot  air,  and  it  is  also  less  dangerous,  for  in 
heating  the  air  there  is  a  great  risk  of  setting  fire  to  the  balloon. 
Charles  made  an  ascent  in  1783  in  a  balloon  inflated  by  hydrogen 

Since  then,  the  art  of  ballooning  has  been  greatly  extended,  and 
many  ascents  have  been  made.  That  which  Gay-Lussac  made  in 
1804  was  the  most  remarkable  for  the  facts  with  which  it  has  en- 
riched science,  and  for  the  height  which  he  attained-23,coo  feet 
above  the  sea-level    At  this  height  the  barometer  stood  at  12-6 
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ioches,  and  the  thermometer,  which  was  31°  C.  on  the  ground,  was 
9  degrees  below  zero. 

In  these  high  regions,  the  dryness  was  such,  on  the  day  of  Gay- 
Lussac's  ascent,  that  hygrométrie  substances,  such  as  paper,  parch- 
ment, etc.,  became  dried  and  crumpled  as  if  they  had  been  placed 
near  the  fire.  The  respiration  and  circulation  of  the  blood  were 
accelerated  in  consequence  of  the  great  rarefaction  of  the  air.  Gay- 
Lussac's  pulse  made  120  pulsations  in  a  minute,  instead  of  66,  the 
normal  number.  At  this  great  height  the  sky  had  a  very  dark 
blue  tint,  and  an  absolute  silence  prevailed. 

One  of  the  most  remarkable  recent  ascents  was  made  by  Mr. 
Glaisher  and  Mr.  Coxwell,  in  a  large  balloon  belonging  to  the 
latter.  This  was  filled  with  90,000  cubic  feet  of  coal  gas  (sp.  gr. 
0-37  to  0-33)  ;  the  weight  of  the  load  was  600  pounds.  The  ascent 
took  place  at  i  p.m.  on  September  5,  1861  ;  at  twenty-eight 
minutes  past  i  they  had  reached  a  height  of  15,750  feet,  and  in 
eleven  minutes  afterwards  a  height  of  21,000  feet,  the  temperature 
being- 10-4°;  at  ten  minutes  to  2  they  were  at  26,200  feet,  with 
the  thermometer  at -15-2°.  At  eight  minutes  to  2  the  height 
attained  was  29,000  feet,  and  the  temperature- 19-0°  C.  At  this 
height  the  rarefaction  of  the  air  was  so  great  and  the  cold  so 
intense  that  Mr.  Glashier  fainted,  and  could  no  longer  observe. 
According  to  an  approximate  estimation  the  lowest  barometric 
height  they  attained  was  7  inches,  which  would  correspond  to  a 
height  of  36,000  to  37,000  feet. 

154.  Construction  and  managrement  of  balloons  A  balloon 

(fig.  140)  is  made  of  long  bands  of  silk  sewed  together  and  covered 
with  caoutchouc  varnish,  which  renders  it  air-tight.  At  the  top 
there  is  a  safety-valve  closed  by  a  spring,  which  the  aeronaut  can 
open  at  pleasure  by  means  of  a  cord.  A  light  wicker-work  boat 
is  suspended  by  means  of  cords  to  a  net-work  which  entirely  covers 
the  balloon. 

A  balloon  of  the  ordinary  dimensions,  which  can  carry  three 
persons,  is  about  16  yards  high,  12  yards  in  diameter,  and  its 
volume  when  it  is  quite  full  is  about  680  cubic  yards.  The  balloon 
Itself  weighs  200  pounds  ;  the  accessories,  such  as  rope  and  boat 
100  pounds.  ' 

The  balloon  is  filled  cither  with  hydrogen  or  with  coal  gas.  Al- 
though the  latter  is  heavier  than  the  former,  it  is  generally  pre- 
ferred, because  it  is  cheaper  and  more  easily  obtained.  It  is  passed 
into  the  balloon  from  the  gas  reservoir  by  means  of  a  flexible  pipe 
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(fig.  140).  It  is  important  not  to  fill  the  balloon  quite  full,  for  the 
atmospheric  pressure  diminishes  as  it  rises,  and  the  gas  inside, 
expanding  in  consequence  of  its  elastic  force,  tends  to  burst  it. 
It  is  sufficient  for  the  ascent  if  the  weight  of  the  displaced  air 
exceeds  that  of  the  balloon  by  8  or  10  pounds.   The  buoyancy  due 


Fig.  140. 

to  this  excess  of  weight  is  constant  so  long  as  the  balloon  is  not 
quite  distended  by  the  dilatation  of  the  air  in  the  mtenor  f  the 
atmospheric  pressure,  for  example,  has  diminished  to  one  half,  the 
gas  in  the  balloon,  according  to  Boyle's  law,  has  doubled  Us  volume 
The  volume  of  the  air  displaced  is  therefore  twice  as  great  ;  but 
since  its  density  has  become  only  one-half,  the  weight,  and  con- 
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sequently  the  upward  buoyancy,  are  the  same.  When  once  the 
balloon  is  completely  dilated,  if  it  continue  to  rise,  the  force  of  the 
ascent  decreases,  for  the  volume  of  the  displaced  air  remains  the 
same,  but  its  density  diminishes, 
and  a  time  arrives  at  which  the 
buoyancy  is  only  equal  to  the 
weight  of  the  balloon.  The 
balloon  can  now  only  take  a 
horizontal  direction  carried  by 
the  currents  of  air  which  prevail 
in  the  atmosphere.  The  aëronaut 
knows  by  the  barometer  whether 
he  is  ascending  or  descending  ; 
and  by  the  same  means  he  deter- 
mines the  height  which  he  has 
reached.  A  long  flag  fixed  to 
the  boat  would  indicate  by  the 
position  it  takes  either  above  or 
below,  whether  the  balloon  is 
descending  or  ascending. 

When  the  aëronaut  wishes  to 
descend,  he  opens  the  valve  at 
the  top  of  the  balloon  by  means 
of  the  cord,  which  allows  gas  to 
escape,  and  the  balloon  sinks. 
If  he  wants  to  descend  more 
slowly,  or  to  rise  again,  he 
empties  out  bags  of  sand,  of 
which  there  is  an  ample  supply 
in  the  car.  The  descent  is 
facilitated  by  means  of  a  grap- 
pling iron  fixed  to  die  boat. 
When  once  this  is  fixed  to  any 
obstacle,  the  balloon  is  lowered 
by  pulling  the  cord. 

The  only  practical  applica- 
tions which  air  balloons  have 
hitherto  had,  has  been  in  military  reconnoitring.  At  the  battle  of 
Fleurus,  in  1794,  a  captive  balloon,  that  is,  one  held  by  a  cord,  was 
used  in  which  there  was  an  observer,  who  i  cported  the  movements 
of  the  enemy  by  means  of  signals.    At  the  battle  of  Solferino  the 


152 


On  *Gases. 


[154- 


movements  and  dispositions  of  the  Austrian  troops  were  watched 
by  a  captive  balloon  ;  and  in  the  war  in  America  balloons  were 
frequently  used  ;  while  the  part  which  they  played  in  the  siege  of 
Paris  is  still  fresh  in  all  memories.  Many  ascents  have  recently 
been  made  by  Mr.  Glaisher  for  the  purpose  of  making  meteoro- 
logical observations  in  the  higher  regions  of  the  atmosphere  (153). 
Air  balloons  can  only  be  truly  useful  when  they  can  be  guided,  and 
as  yet  all  attempts  made  with  this  view  have  completely  failed. 
There  is  no  other  course  at  present  than  to  rise  in  the  air,  until 
there  is  a  current  which  has  more  or  less  the  desired  direction. 

155.  Parachute. — The  object  of  the  parachute  is  to  allow  an 
aeronaut  to  leave  the  balloon,  by  giving  him  the  means  of  lessening 


Fig.  142. 


the  rapidity  of  his  descent.  It  consists  of  a  large  circular  piece  of 
cloth  (fig.  142)  about  16  feet  in  diameter,  and  which  by  the  resist- 
ance of  the  air  spreads  out  like  a  gigantic  umbrella.  In  the 
centre  there  is  an  aperture,  through  which  the  air,  compressed  by 
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the  rapidity  of  the  descent,  makes  its  escape  ;  lor  otherwise  oscilla- 
tions hiight  be  produced,  which,  when  communicated  to  the  boat, 
would  be  dangerous. 

In  fig.  141  there  is  a  parachute  attached  to  the  network  of  the 
balloon  by  means  of  a  cord,  which  passes  round  a  pulley,  and  is 
fixed  at  the  other  end  to  the  boat.  -When  the  cord  is  cut,  the  para- 
chute sinks,  at  first  very  rapidly,  but  more  slowly  as  it  becomes 
distended,  as  represented  in  the  figure. 

156.  Bellows.— Fig.  143  represents  a  simple  form  of  bellows, 
the  action  of  which  depends  on  the  compression  of  air.  Between 
two  round  wooden  boards  provided  with  handles,  one  of  which  has 
a  valve     while  the  other  works  on  a  hinge,  a  folded  leathern  bag 


Fig.  143- 


is  fastened.  The  inner  space  terminates  in  front  in  a  short  iron 
or  brass  pipe  d,  which  is  called  the  nozzle.  If  now  the  upper  lid  is 
raised,  the  valve  is  opened,  and  air  enters  until  the  space  is  quite 
filled.  When  the  handle  is  depressed  the  valve  closes,  the  air  is 
compressed,  and  forced  out  through  the  nozzle.  Thus  this  arrange- 
ment, like  that  of  the  force  pump,  produces  an  intermittent  flow 
of  air. 
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ON  SOUND. 


CHAPTER  I. 

PRODUCTION,  PROPAGATION,  AND  REFLECTION  OF  SOUND. 

157.  Acoustics. — This  term  is  given  to  the  scientific  study  ot 
sounds,  and  tliat  of  tlie  vibrations  of  elastic  bodies. 

Music  considers  sounds  with  reference  to  the  pleasurable  feelings 
which  they  are  calculated  to  excite  in  us.  Acoustics,  or  the  scientific 
study  of  sound,  is  concerned  with  the  questions  of  the  production, 
transmission,  and  comparison  of  sounds  ;  to  which  may  be  added 
the  physiological  question  of  the  perception  of  sounds. 

Scwid  is  a  peculiar  sensation  excited  in  the  organ  of  hearing  by 
the  vibratory  motion  of  bodies,  when  this  motion  is  transmitted  to 
the  ear  through  an  elastic  medium. 

Take,  for  instance,  the  string  of  a  musical  instrument,  when  it  is 
pulled  or  sounded  by  a  bow  (fig.  144).     When  this  is  pulled  aside  \ 
from  the  position  acb,  where  it  is  at  rest,  to  the  position  adb,  all  the 


Fig.  144. 


points  being  more  or  less  out  of  their  position  of  equilibrium,  when 
the  string  is  left  to  itself,  it  tends  to  revert  to  its  original  position 
acb  owing  toits  elasticity.  In  virtue,  however,  of  its  acquired  ve- 
locity, it  passes  beyond  it  as  far  as  aeb,  all  the  points  being  then 
virtually  as  far  out  of  their  position  of  rest  as  they  were  at  adb. 
But  as  the  elasticity  still  continues  to  act,  not  merely  does  the  string 
revert  to  its  original  position,  but  it  again  passes  be  ond  it,  and  so 
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on,  the  amplitude  of  its  path  becoming  smaller  and  smaller,  as  re- 
presented by  the  dotted  lines  in  the  figure,  until  it  ultimately  reverts 
to  its  original  state  of  equilibrium.    Hence  each  point  of  the  string 
makes  a  backward  and  forward,  or  vibra- 
tory  motion,  like  that  of  the  pendulum. 
The  passage  from  the  position  add  to  ai'è, 
and  back  to  adô,  is  called  a  complete 
vibration  or  oscillation  ;  the  passage  from 
adb  to  aeb,  or  from  aeb  to  ad^,  is  a  seini- 
vibration  or  semi-oscillation. 

Any  body  which  vibrates  or  yields  a 
sound  is  called  a  sonorous  or  sounding 
body.  The  vibrations  of  sounding  bodies 
are  generally  too  rapid  to  be  counted  or 
even  distinctly  seen.  Yet  they  may  be 
rendered  evident  in  a  variety  of  ways. 
Thus,  if  a  tolerably  large  bell  jar  (fig. 
145)  be  made  to  sound  by  striking  it  with 
the  finger,  and  a  small  ivory  ball,  sus- 
pended by  a  thread,  be  approached  to  it, 
the  ball  will  be  observed  to  receive  a  series 
of  rapid  shocks  from  the  sides  of  the  bell, 
showing  that  it  is  in  a  state  of  vibration. 
Or  if  a  plate  of  metal  be  fi.xed  horizontally  at  one  end,  and  sand  be 
strewed  over  it,  when  the  plate  is  made  to  vibrate  by  briskly  moving 
a  violin  bow  against  the  edge,  the  sand  becomes  violently  agitated, 
which  is  ob\-iously  due  to  the  vibrations  of  the  plate. 

158.  Propag-ation  of  sound  in  the  air.  Sound  waves. — 
After  having  ascertained  that,  when  a  body  emits  a  sound,  its  mole- 
cules are  in  a  state  of  vibration,  it  remains  to  explain  how  these 
vibrations  are  transmitted  to  the  ear  to  produce  the  sensation  of 
sound.  Sound  always  requires  for  its  transmission  an  elastic 
medium,  which  at  one  end  is  in  contact  with  the  sounding  body,  and 
at  the  other  with  the  organ  of  hearing.  Air  is  the  ordinary  medium 
through  which  sound  is  transmitted.  As  air  is  very  mobile,  com- 
pressible, and  elastic,  its  molecules,  being  in  contact  with  different 
points  of  the  sounding  body,  acquire  movements  which  are  similar 
to  those  of  these  points  ;  they  go  and  come  with  these  points,  so 
that  each  molecule  of  air  in  contact  with  the  body  is  pushed  lorward 
by  It  m  the  direction  of  the  sound,  and  returns,  having  communicated 
its  motion  to  the  next  molecule  ;  this  then  acts  in  the  same  manner 
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on  the  next  molecule,  and  so  on  to  the  molecules  in  contact  with 
the  tympanum  or  drum.  This  is  the  name  given  to  a  membrane 
placed  at  the  end  of  the  auditory  canal  of  the  ear  ;  it  receives  the 
vibrations  of  the  air,  which  it  transmits  by  a  series  of  small  bones 
and  liquids  to  the  acoustic  nerve,  and  thence  to  the  brain,  which 
finally  perceives  the  sensation  of  sound. 

At  each  impulse  imparted  by  a  sounding  body  to  the  molecules 
of  air  in  contact  with  it,  these  molecules  pressing  in  turn  upon  the 
succeeding  ones,  a  condensed  part  is  produced  in  the  air  to  a  certain 
distance  which  is  called  the  condenstd  wave  ;  then,  when  the  vibra- 
ting body  reverts  to  its  original  position,  the  molecules  nearest  to 
it  follow  it  in  its  motion,  so  that  there  is  formed  in  the  air  a  rarefied 
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Fig.  146. 

part  which  follows  the  condensed  wave,  and  which  is  called  the 
rarefied  wave.  A  condensed  and  a  rarefied  wave  together  fonn  a 
sound  wave.  A  sounding  body  is  a  centre  from  which  these  waves 
are  emitted  all  round  it  in  the  form  of  continually  increasing  spheres, 
and  thus  it  is  that  sound  is  propagated  by  a  body  in  all  directions. 
Fig.  146  furnishes  a  rough  illustration  of  this  process.  If  a  stone  is 
thrown  into  still  water,  there  are  formed  round  the  point  where  it 
falls  a  series  of  concentric  waves,  which  continually  increase,  and 
which  give  an  idea  of  the  propagation  of  sound  waves  in  the  air. 

In  the  case  of  very  intense  sounds,  the  disturbance  communicated 
to  the  air  in  the  form  of  sound  waves  may  be  very  considerable^ 
Thus  the  waves  produced  by  thunder,  by  the  report  of  cannon,  and 
by  gunpowder  explosion,  are  frequently  powerful  enough  to  break 
whole  panes  of  glass. 
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159.  Coexistence  of  sound  waves. — It  is  to  be  observed  that 
several  sounds  rhay  be  propagated  in  air  without  destroying  each 
other.  Thus  in  the  most  comphcated  orchestral  music,  a  person 
with  a  practised  ear  can  readily  follow  the  sound  of  each  instru- 
ment. Yet  a  loud  sound  interferes  with  a  weak  one  ;  thus  the  sound 
of  a  drum  overpowers  the  human  voice.  Sounds  also  which  are 
too  weak  to  be  distinctly  heard,  accumulate  upon  each  other,  and 
produce  a  confused  sound,  which  becomes  perceptible  to  the  ear. 
Such  is  the  cause  of  the  murmuring  of  water,  the  rustling  of  leaves 
in  woods,  and  the  dashing  of  waves  against  the  shores. 

160.  Sound  is  not  propag-ated  in  a  vacuum. — The  vibrations 
of  elastic  bodies  can  only  produce  the  sensation  of  sound  in  us,  by 
the  intervention  of  a  medium  interposed  between  the  ear  and  the 
sonorous  body,  and  vibrating  with  it.  This  medium  is  usually  the 
air,  but  all  gases,  vapours,  hquids,  and  solids  also  transmit  sound. 

The  following  experiment  shows  that  the  presence  of  a  ponder- 
able medium  is  necessary  for  the  propagation  of  sound.  A  tolerably 
large  glass  globe  (fig.  147),  provided  with  a  stop- 
cock, has  a  small  bell  suspended  in  the  interior 
by  a  thread.  A  vacuum  having  been  created  in 
the  globe  by  means  of  the  air-pump,  no  sound  is 
emitted  when  the  globe  is  shaken,  though  the 
clapper  may  be  seen  to  strike  against  the  bell  ; 
butif  air,  or  any  other  gas  or  vapour,  be  admitted, 
sound  is  distinctly  heard  each  time  the  globe  is 
agitated. 

The  experiment  may  also  be  made  by  placing 
either  a  small  metallic  bell,  which  is  continually 
struck  by  a  small  hammer  by  means  of  clockwork,  or  an  ordinary 
musical  box,  under  the  receiver  of  the  air-pump.  As  long  as  the 
receiver  is  full  of  air  at  the  ordinary  pressure,  the  sound  is  trans- 
mitted ;  but,  in  proportion  as  the  air  is  exhausted,  the  sound 
becomes  feebler,  and  is  imperceptible  in  a  vacuum. 

To  ensure  the  success  of  the  experiment,  the  bellwork  or  musical 
box  must  be  placed  on  wadding  ;  for  otherwise  the  vibrations  would 
be  transmitted  to  the  air  through  the  plate  of  the  machine. 

161.  Propag:ation  of  sound  in  liquids  and  solids. — Sound  is 
also  propagated  in  liquids.  When  two  bodies  strike  against  each 
other  under  water,  the  shock  is  distinctly  heard  ;  and  a  diver  at  the 
bottom  of  the  water  can  hear  the  sound  of  voices  on  the  bank. 

The  conductibility  of  solids  is  such,  that  the  scratching  of  a  pen 
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at  the  end  of  a  long  wooden  rod  is  heard  at  the  other  end.  In  like 
manner  if  a  person  speaks  with  a  low  voice  at  the  end  of  a  long  fir 
pole,  he  is  heard  by  a  person  whose  earisapphed  against  the  other 
end,  while  a  person  who  is  near  hears  nothing.  The  earth  con- 
ducts sound  so  well,  that  at  night,  when  the  ear  is  applied  to  the 
ground,  the  steps  of  horses  or  any  other  noise  at  great  distances 
is  heard. 

Wheatstone's  'invisible  concert  '  was  produced  by  means  ot  tour 
long  rods  of  pine  wood  passed  from  the  cellar  of  a  house  through  the 
ceilings  to  an  upper  storey.  These  were  severally  connected  at 
the  bottom  with  a  piano,  violin,  violoncello,  and  clarionet,  which 
being  played,  produced  in  the  upper  room  the  curious  effect  of  an 

invisible  concert. 

In  mines  the  sound  of  the  workmen's  blows  is  heard  at  great 
distances.  Soldiers  and  hunters  apply  the  ear  to  the  ground  to 
detect  the  distant  steps  of  the  enemy,  or  of  game. 

162  velocity  of  sound  in  air.-Numerous  phenomena  show 
that  sound  requires  a  certain  time  to  pass  from  one  place  to  another. 
Thus  if  we  pay  attention  to  a  woodman  felling  trees  at  a  distance, 
we  see  the  axe  fall  in  silence,  and  only  hear  the  sound  a  moment 
afterwards.  In  like  manner,  when  a  gun  is  fired,  the  report  is  heard 
after  the  flash  of  light.  Thunder,  too,  is  only  heard  some  time 
after  lightning,  although  in  the  cloud  both  thunder  and  lightning  are 
produced  simultaneously.  „  , 

The  velocity  of  sound  was  determined  experimentally  by  the 
■  members  of  the  Bureau  of  Longitude  of  Paris  in  June  1822,  during 
the  n-ht     A  cannon  was  placed  on  a  hill  at  Montlhery  near  Pans, 
and  a'nother  on  a  plateau  near  Villejuif    The  distance  of  the  two 
places  was  carefully  measured,  and  was  found  to  be  61,045  feet,  and 
a  gun  was  f^red  at  each  station  twelve  successive  times  at  interval? 
of  10  minutes.     By  means  of  accurate  and  delicate  watches,  ob- 
servers placed  near  the  guns  noted  the  time  which  elapsed  between 
the  appearance  of  the  flash  and  the  hearing  the  sound  at  the 
other   station  ;   and  the  mean  of  the   observations   gave  the 
number  sl-ô  seconds.    This  was  just  the  time  which  the  sound 
Tu  red  to  travel  from  one  station  to  the  other  ;  for  we  shal 
ft^rds  see  that  the  velocity  of  light  is  such  that  the  tm.e  . 
requires  to  traverse  the  above  distance  is  inappreciable^  Hence 
by  a  simple  calculation  we  find  that  sound  travels  ,,118  feet  m  a 

'''The  above  observations  were  made  when  the  air  was  at  a  tem- 
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perature  of  16°.  At  a  lower  temperature  the  velocity  of  sound  is 
less. 

From  some  accurate  experiments  made  by  the  above  method 
near  Amsterdam,  the  velocity  of  sound  is  taken  at  1,093  feet  per 
second  in  dry  air  at  zero.  Its  velocity  increases  about  2  feet  per 
second  for  every  degree  centigrade.  So  that  at  15°  C,  which  is 
the  ordinary  temperature,  the  velocity  of  sound  is  1,120  feet  per 
second. 

A  knowledge  of  the  velocity  of  sound  enables  us  to  measure 
distances.  Thus,  suppose  we  want  to  know  the  distance  at  which 
a  gun  is  fired,  the  report  of  which  we  only  hear  15  seconds  after 
seeing  the  flash.  As  sound  travels  at  1,120  feet  in  a  second,  it 
must  traverse  16,800  feet  in  the  time  mentioned,  and  this  would  be 
the  distance  at  which  the  gun  was  fired.  In  the  same  manner  we 
may  calculate  the  depth  of  a  well  from  the  number  of  seconds 
which  elapses  between  the  moment  at  which  a  stone  falls  into  it  and 
that  at  which  the  sound  is  produced.  The  calculation  is,  however, 
more  complicated,  for  the  time  which  the  body  requires  in  falling 
has  to  be  taken  into  account. 

The  velocity  of  sound  is  not  the  same  in  different  gases  ;  it  is 
greater  in  those  which  are  less  dense.  Dulong  found  the  velocity 
at  zero  to  be  846  feet  per  second  for  carbonic  acid,  1,040  feet  in 
oxygen,  and  1,093  in  air,  1,106  in  carbonic  oxide,  and  4,163  feet  in 
hydrogen. 

The  velocity  of  sound  is  the  same  in  air  for  all  sounds,  whether 
strong  or  weak,  grave  or  acute.  For  this  reason  the  tune  played 
by  a  band  is  heard  at  a  great  distance  without  alteration,  e.xcept  in 
intensity,  which  could  not  be  the  case  if  some  sounds  travelled 
more  rapidly  than  others. 

163.  Velocity  of  sound  in  liquids  and  in  solids.  We  have 

already  seen  that  liquids  conduct  sound  ;  they  even  conduct  it 
better  than  gases.  The  velocity  of  sound  in  water  was  investi- 
gated in  1827  by  Colladon  and  Sturm.  They  moored  two  boats, 
fig.  148,  at  a  known  distance  in  the  lake  of  Geneva.  The  first 
supported  a  bell  C  immersed  in  water,  and  a  bent  lever  provided 
at  one  end  with  a  hammer  b  which  struck  the  bell,  and  z:  he 
other  with  a  lighted  wick  e,  so  arranged  that  it  ignited  some 
powder  vt,  the  moment  the  hammer  struck  the  bell.  To  the  second 
boat  was  affixed  an  ear-trumpet,  the  bell,  gf/;^  of  which  was  in 
water,  while  the  mouth  0,  was  applied  to  the  ear  of  the  observer 
so  that  he  could  measure  the  time  between  the  flash  of  light  and 
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the  arrival  of  sound  by  the  water.  By  this  method  the  velocity  was 
found  to  be  4708  feet  in  a  second  at  the  temperature  8°,  or  four 


times  as  great  as  m  air. 


Fig.  148. 

That  sound  travels  more  rapidly  in  sohds  than  in  air  is  easily 
shown.  If  a  person  holds  his  ear  against  one  end  of  a  tolerablv 
long  iron  bar,  while  another  person  gives  a  hard  blow  at  the  other 
end,  two  distinct  sounds  are  heard  ;  the  first  transmitted  by  the 
metal,  and  the  other  transmitted  by  the  air.  The  velocity  of  sound 
in  iron  is  16,800  feet  in  a  second;  in  copper,  11,600;  m  oak, 
10,900  ;  and  in  fir,  15,220  feet. 

164  Reflection  of  sound.-We  have  seen  that  sound  is  propa- 
gated in  air  by  means  of  spherical  waves,  alternately  condensed 
Ld  rarefied,  and  which  are  developed  about  it  in  all  directions. 
So  long  as  these  sound  waves  are  not  obstructed  in  their  motion, 
they  are  propagated  in  the  form  of  concentric  spheres  ;  but  when 
theï  meet  with  an  obstacle,  they  follow  the  general  law  of  elastic 
bodies  hat  is,  they  are  repelled  like  an  ivory  ball,  which  strikes 
aga  t'a  wall  ;  Aey  Lturn  upon  themselves,  forming  - 
w^ves  which  seem  to  emanate  from  a  second  centre  on  the  other 
Tide  of  îhe  obstacle.  .  The  phenomenon  constitutes  the  ./ 

"^Tte  reflection  of  sound,  or  rather  of  sound  waves,  follows  the 
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same  laws  as  the  reflection  of  heat  and  of  hght,  which  we  shall 
afterwards  have  to  explain. 

The  reflection  of  sound  may  be  demonstrated  by  means  of  the 
arrangement  represented  in  fig.  149,  which  consists  of  two  parabolic 
mirrors  placed  at  some  distance  opposite  each  other.  At  a  certain 
position  in  front  of  one  of  them,  called  the  focus,  is  placed  a  watch 
or  other  convenient  sounding  body.  It  is  a  property  of  this  posi- 
tion, the  focus,  that  all  sound-waves  emanating  from  it  which  fall 
on  the  adjacent  mirror  are  thrown  back  in  parallel  rays.  If  these 
parallel  rays  fall  on  the  second  mirror  they  are  reflected  to  its 
focus,  so  that  if  an  ear  be  placed  there,  the  sound  waves  are  con- 
centrated in  the  ear,  and  the  ticking  of  the  watch  is  distinctly 
heard,  which  is  not  the  case  if  the  ear  is  in  a  different  position. 


Fig.  149. 


165.  Echoes  and  resonance — An  echo  is  the  repetition  of  a 
sound  m  the  air  caused  by  its  reflection  from  some  more  or  less 
distant  obstacle.  Thu=,  if  a  few  words  are  loudly  spoken  at  a  cer- 
tam  distance  from  a  wood,  a  rock,  or  a  building,  it  usually  happens 
that,  after  a  brief  interval,  the  same  phrase  is  heard  repeated,  as 
If  spoken  in  the  distance  by  another  person  ;  these  are  the  sound- 
waves, which  are  reflected  by  the  obstacle.  There  must,  however 
be  a  certain  distance  between  the  place  at  which  the  sound  is  pro- 
duced, and  that  at  which  it  is  heard. 

A  very  sharp  quick  sound  can  produce  an  echo  when  the  re- 
flecting surface  is  55  feet  distant  ;  but  for  articulate  sounds  at  least 
double  that  distance  is  necessary,  for  it  may  be  easily  shown  that 
no  one  can  pronounce  or  hear  distinctly  more  than  five  syllables  in 
a  second.    Now,  as  the  velocity  of  sound  at  ordinary  temperatures 
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may  be  taken  at  1,120  feet  in  a  second,  in  a  fifth  of  that  time  sound 
would  travel  224  feet.  If  the  reflecting  surface  is  112  feet  distant, 
sound  would  travel  through  224  feet  in  going  and  returning.  The 
lime  which  elapses  between  the  articulated  and  the  reflected  sound 
would  therefore  be  a  fifth  of  a  second,  the  two  sounds  would  not 
interfere,  and  the  reflected  sound  would  be  distinctly  heard.  A 
person  speaking  with  a  loud  voice  in  front  of  a  reflecting  surface 
at  the  distance  of  112  feet  can  only  distinguish  the  last  reflected 
syllable  :  such  an  echo  is  said  to  be  mono  syllabic.  If  the  reflector 
were  at  a  distance  of  two  or  three  times  112  feet,  the  echo  would 
be  dissyllabic,  trisyllabic,  and  so  on. 

Multiple  echoes  are  those  which  repeat  the  same  sound  several 
times  ;  this  is  the  case  when  two  opposite  surfaces  (for  example, 
two  parallel  walls)  successively  reflect  sound.  There  are  echoes 
which  repeat  the  same  sound  20  or  30  times.  An  echo  in  the 
château  of  Simonetta  in  Italy  repeats  a  sound  30  times.  At 
Woodstock  there  is  one  which  repeats  from  17  to  20  syllables. 
Near  Verdun  is  an  echo  formed  by  two  parallel  towers,  at  a  dis- 
tance from  each  other  of  about  164  feet.  A  person  placing  himself 
between  them,  and  speaking  a  word  with  a  loud  voice,  hears  it 
repeated  a  dozen  time?.  Echoes  usually  modify  sound  ;  some  re- 
peat it  with  noise  ;  others  with  a  mocking,  laughing  tone,  or  a 
plaintive  accent. 

We  have  seen  that  when  the  distance  at  which  a  sound  is  re- 
flected is  112  feet,  an  echo  is  produced  ;  and  the  question  may  be 
asked  what  happens  when  the  distance  is  less  than  this  ?  As  the 
sound  has  then  a  smaUer  distance  to  traverse,  both  in  going  and 
coming,  than  112  feet,  it  follows  that  the  reflected  sound  is  added 
to  the  directly  spoken  one.  They  cannot  be  heard  separately,  but 
the  sound  is  strengthened.  This  is  what  is  called  resonance,  and 
its  effects  are  so  much  the  more  marked  the  more  elastic  are  the 
surfaces  from  which  the  sound  is  reflected.  In  racket  courts  and 
in  uninhabited  houses,  where  there  is  no  furniture,  the  walls,  the 
floorin-  and  the  ceiling  readily  vibrate,  and  we  all  know  how  the 
noise  of'footsteps  and  the  sound  of  the  voice  then  resound.  Tapestry 
and  hangings,  which  are  not  elastic,  deaden  the  sound. 

As  the  laws  of  the  reflection  of  sound  are  the  same  as  those  of 
licrht  and  heat,  curved  surfaces  of  natural  occurrence  often  produce 
a'^coustic  foci,  like  the  luminous  and  calorific  foe.  pmduced  by 
mirrors  If  a  person  standing  under  the  arch  of  a  bridge  speaks 
with  his  face  turned  towards  one  of  the  piers,  the  sound  is  repro- 
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duced  near  the  other  pier  with  such  distinctness  that  a  conversation 
can  be  kept  up  in  a  low  tone,  which  is  not  heard  by  anyone  stand- 
ing in  the  intermediate  spaces. 

There  is  a  scjuare  room  with  an  elliptical  ceiling,  on  the  ground 
floor  of  the  Conservatoire  des  Arts  et  Métiers,  in  Paris,  which  pre- 
sents this  phenomenon  in  a  remarkable  degree,  when  persons  stand 
in  the  two  foci  of  the  ellipse.  So  also  bellying  sails  act  as  mirrors 
on  sound. 

Whispering  galleries  are  formed  of  smooth  walls,  having  a  con- 
tinuous curved  form.  The  mouth  of  the  speaker  is  presented  at 
one  point,  and  the  ear  of  the  hearer  at  another  and  distant  point. 
In  this  case,  the  sound  is  successively  reflected  from  one  point  to 
another  until  it  reaches  the  ear.  In  a  large  circular  room  in 
London,  the  Colosseum,  Wheatstone  observed  that  a  single  excla- 
mation was  like  a  peal  of  laughter,  and  tearing  a  piece  of  paper 
sounded  like  the  patter  of  hail. 

It  is  not  merely  by  solid  surfaces,  such  as  walls,  rocks,  etc., 
that  sound  is  reflected  ;  it  is  also  reflected  by  clouds,  and  on 
passing  into  a  layer  of  air  of  greater  density  than  its  own  ;  it  is 
said  to  be  reflected  by  the  vesicles  of  mist. 

Different  parts  of  the  earth's  surface  are  unequally  heated  by 
the  sun,  owing  to  the  shadows  of  trees,  the  evaporation  of  water, 
and  other  causes,  so  that  in  the  atmosphere  there  are  numerous 
ascending  and  descending  currents  of  air  of  different  densities. 
Whenever  a  sound-wave  passes  from  a  medium  of  one  density  into 
another  it  undergoes  partial  reflection  ;  in  some  cases  this  is  strong 
enough  to  form  an  echo,  and  it  always  distinctly  weakens  the  direct 
sound.  This  is  doubtless  the  reason,  as  Humboldt  remarks,  why 
sound  is  heard  farther  at  night  than  in  the  daytime;  even  in  the  South 
American  forests,  where  the  animals  which  appear  silent  by  day 
fill  the  atmosphere  in  the  night  with  thousands  of  confused  sounds. 

166.  Causes  whicb  influence  the  intensity  of  sound. — Many 
causes  modify  the  strength  or  the  intensity  of  sound.  Tliese  are, 
the  distance  of  the  sounding  body,  the  amplitude  of  the  vibrations,' 
the  density  of  the  air  at  the  place  where  the  sound  is  produced' 
the  direction  of  the  currents  of  air,  and,  lastly,  the  neighbour- 
hood of  other  bodies  which  can  enter  into  a  state' of  vibration. 

i.  The  intensity  of  sound  is  inverse/y  as  the  square  of  the  distance 
of  the  sounding  body  from  the  ear.  This  law  has  been  deduced  by 
calculation,  but  it  may  be  also  demonstrated  experimentally.  Let 
us  suppose  several  sounds  of  equal  intensity,  for  instance,  bells  of 
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the  same  kind,  struck  by  hammers  of  the  same  weight,  falling  from 
equal  heights.  If  four  of  these  bells  are  placed  at  a  distance  of 
20  yards  from  the  ear,  and  one  at  a  distance  of  10  yards,  it  is 
found  that  the  single  bell  produces  a  sound  of  the  same  intensity 
as  the  four  bells  struck  simultaneously.  Consequently,  for  double 
the  distance,  the  intensity  of  the  sound  is  only  one-fourth. 

The  distance  at  which  sounds  can-  be  heard  depends  on  their 
intensity.  The  report  of  a  volcano  at  St.  Vincent  was  heard  at 
Demerara,  300  miles  off,  and  the  firing  at  Waterloo  was  heard  at 
Dover. 

ii.  The  iiiiejisiiy  of  the  soimd  increases  with  the  amplitude  of 
the  vibrations  of  the  sounding  body.  The  connection  between  the 
intensity  of  the  sound  and  the  amplitude  of  the  vibrations,  is 
readily  observed  by  means  of  vibrating  cords.  For  if  the  cords 
are  somewhat  long  the  oscillations  are  perceptible  to  the  eye,  and 
it  is  seen  that  the  sound  is  feebler  in  proportion  as  the  amplitude 
of  the  oscillations  decreases. 

For  the  same  reason  the  dying  sound  of  the  last  blows  of  a 
bell  become  gradually  feebler,  until  they  are  ultimately  extinguished. 

iii.  Tlie  intensity  of  sound  depends  on  the  density  of  the  air  in 
the  place  in  which  it  is  produced.  As  we  have  already  seen  (160), 
when  an  alarum  moved  by  clockwork  is  placed  under  the  bell-jar 
of  the  air-pump,  the  sound  becomes  weaker  in  proportion  as  the 
air  is  rarefied. 

In  hydrogen,  which  has  about  j^jth  the  density  of  air,  sounds 
are  much  feebler,  although  the  pressure  is  the  same.  In  carbonic 
acid,  on  the  contrary,  which  is  half  as  heavy  again  as  air,  sounds 
are  louder.  On  very  high  mountains,  where  the  air  is  much 
rarefied,  it  is  necessary  to  speak  with  some  efl'ort  in  order  to  be 
heard,  and  the  discharge  of  a  gun  produces  only  a  feeble  sound. 
During  a  severe  frost,  sounds  are  heard  at  a  greater  distance, 
because  air  is  then  more  dense  and  more  homogeneous  ;  and 
country  people  will  often  predict  the  weather  from  the  sound  of 
the  village  bell.  For  the  propagation  of  sound  is  modified  by  the 
presence  of  moisture,  which  alters  the  elasticity  and  the  density. 

iv.  The  intensity  of  sound  is  modified  by  the  motion  of  the  atmo- 
sphere and  the  direction  of  the  wind.  In  calm  weather  sound  is 
always  better  propagated  than  when  there  is  wind  ;  in  the  latter 
case,  for  an  equal  distance,  sound  is  louder  in  the  direction  of  the 
wind  than  in  the  contrary  direction. 

v.  Lastly,  sound  is  strengthened  by  the  neighbourhood  of  a 
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sounding  body.  A  string  made  to  vibrate  in  free  air,  and  not  near  a 
sounding  body,  has  but  a  very  feeble  sound  ;  but  when  it  vibrates 
above  a  sounding -box,  as  in  the  case  of  the  viohn,  the  guitar,  the 
violoncello,  or  the  pianoforte,  its  sound  is  much  stronger.  This 
arises  from  the  fact  that  the  box,  and  the  air  which  it  contains, 
vibrate  in  unison  with  the  string.  Hence  the  use  of  sounding- 
boxes  in  stringed  instruments. 

167.  Influence  of  tubes  on  transmission  of  sound. — The 
diminution  in  the  intensity  of  sound  with  the  distance,  is  due  to  the 


Fig.  150. 

fact  that  the  sound  waves  are  propagated  in  the  form  of  continually 
increasing  spheres  ;  and  it  may  indeed  be  proved  geometrically, 
that  since  sound  is  thus  transmitted,  its  intensity  must  be  inversely 
as  the  square  of  the  distance.  If,  however,  the  sound  is  sent 
through  a  long  tube,  the  waves  are  propagated  in  only  one  direction, 
and  sound  can  be  transmitted  to  great  distances  without  appreci- 
able alteration.  M.  Biot  found  that  in  one  of  the  Paris  water-pipes, 
ii04o  yards  long,  the  voice  lost  so  little  of  its  intensity,  that  a 
conversation  could  be  kept  up  at  the  ends  of  the  tube  in  a  very 
low  tone  ;  so  much  so,  that,  in  order  not  to  be  heard,  it  was  necessary, 
as  Biot  expressed  it,  not  io  speak  at  all.    The  weakening  of  sound 
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becomes,  however,  perceptible  in  tubes  of  large  diameter,  or  where 
the  sides  are  rough. 

This  property  of  transmitting  sounds  was  first  applied  in  Eng- 
land for  speaking-tubes,  which  are  used  in  hotels  and  large  estab- 
lishments for  transmitting  orders.  They  consist  of  caoutchouc 
tubes  of  small  diameter,  provided  at  each  end  with  an  ivory  or 
bone  mouthpiece,  and  passing  from  one  room  to  another.  If  a 
person  speaks  at  one  end  of  the  tube  (fig.  150),  he  is  distinctly 
heard  by  a  person  applying  his  ear  at  the  other  end. 

One  of  the  most  important  applications  of  acoustical  principles 
is  that  of  the  stethoscope.  It  consists  of  a  cylinder  of  hard  wood 
about  a  foot  long  and  li  inch  broad  at  one  end,  and  in  which  a 
longitudinal  passage  is  bored.  One  end  of  the  stethoscope  is  held 
against  the  diseased  part  of  the  body,  and  the  ear  is  held  against 
the  other.  The  practised  physician  can  detect  the  existence  of 
internal  cavities  by  the  peculiar  sound  emitted,  and  which  is 
strengthened  by  resonance. 


Fig.  151. 

,68.  SpeaKin..trumpets.-The  ''l 

i..plies,  is  used  to  render  the  voice  audible  at  grea  d'^tanc  • 
consist;  of  a  slightly  conical  tin  or  brass  tube  (fig.  ^5-  va)  much 
wider  at  one  end  (which  is  called  the  and  V^o^^^^f  T^^^.^ 

mouthpiece  at  the  other.    The  larger  the  dimensions  of  this  in 
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strument  the  greater  is  the  distance  at  which  the  voice  is  heard. 
Its  action  is  usually  ascribed  to  the  successive  reflections  of  sound- 
waves from  the  sides  of  the  tube,  by  which  the  waves  tend  more 
and  more  to  pass  in  a  direction  parallel  to  the  axis  of  the  instru- 
ment. By  means  of  the  speaking-trumpet,  the  word  of  command 
can  be  heard  on  board  ship  above  the  noise  of  the  waves. 

169.  Ear-trumpet.— The  ear-trumpet  is  used  by  persons  who 
are  hard  of  hearing.  It  is  essentially  an  inverted  speaking-trumpet, 
and  consists  of  a  conical  metal  tube,  one  of  whose  ends,  terminat- 
ing in  a  bell,  receives  the  sound,  while  the  other  end  is  introduced 
into  the  ear  (fig.  152).    The  action  of  this  instrument  is  the  reverse 


of  that  of  the  speaking-trumpet.  The  beU  serves  as  mouthpiece  ; 
that  is,  it  receives  the  sounds  coming  from  the  mouth  of  the  person 
who  speaks.  These  sounds  are  transmitted  by  a  series  of  reflections 
to  the  interior  of  the  trumpet,  so  that  the  waves,  which  would 
become  greatly  dispersed,  are  concentrated  on  the  hearing  appa- 
ratus, and  produce  a  far  greater  effect  than  divergent  waves  would 
have  done. 

In  man  and  many  animals  the  outer  ear  is  a  trumpet  which 
receives  the  sound-waves.  In  some  animals  this  part  of  the  hearing 
apparatus  is  long  and  flexible,  so  that,  by  adjusting  it,  the  animal 
can  easily  recognise  the  direction  from  which  the  sound  proceeds. 


CHAPTER  II. 
MUSICAL  SOUNDS.     PHYSICAL  THEORY  OF  MUSIC. 

170.  Difference  between  musical  sounds  and  noise. — Sounds 
are  distinguished  from  noises.  Sound  properly  so  called,  or  musical 
sound,  is  that  which  produces  a  continuous  and  regular  sensation, 
and  the  rate  of  whose  vibrations  can  be  determined.  The  only 
condition  necessary  for  producing  a  musical  sound  is  that  the 
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individual  impulses  shall  succeed  each  other  with  sufficient  rapidity 
at  equal  intervals  of  time.  Whatever  be  its  origin,  whether  it  be  the 
ticks  of  a  watch,  or  the  puffs  of  a  locomotive,  if  this  condition  be 
fulfilled,  the  coalescence  of  the  separate  impressions  produces  a 
musical  sound. 

On  the  other  hand,  noise  is  either  a  sound  of  too  short  a  dura- 
tion to  be  determined,  like  the  report  of  a  cannon,  or  else  it  is  a 
confused  mi.x:ture  of  many  discordant  sounds,  like  the  rolling  of 
thunder,  the  rattling  of  a  box  of  nails,  or  the  noise  of  the  waves. 
The  difference  between  sound  and  noise  is,  however,  by  no  means 
precise.  Savart  has  shown  that  there  are  relations  of  height  in  the 
case  of  noise,  as  well  as  in  that  of  sound,  and  there  are  said  to 
be  certain  ears  sufficiently  well  organised  to  determine  the  musical 
value  of  the  sound  produced  by  a  carriage  rolling  on  the  pavement. 

The  action  of  a  noise  upon  the  ear  has  been  compared  to  that 
of  a  flickering  light  upon  the  eye  :  both  are  painful,  in  consequence 
of  the  sudden  and  abrupt  changes  which  they  produce  in  their 

respective  nerves. 

171.  cuaracteristics  of  musical  sounds.— Musical  sounds  or 
tones  have  three  leading  qualities,  namely  pitch,  intensity,  and  timbre 

or  colour.  •     ,  ,  , 

i.  The  pitch  or  height  of  a  musical  tone  is  determmed  by  the 
number  of  vibrations  in  a  second  yielded  by  the  body  producing  the 


tone. 


ii.  The  intensity  or  loudness  of  the  tone  depends  on  the  extent  of 
the  vibrations.  It  is  greater  when  the  e.xtent  is  greater,  and  less 
when  it  is  less.  It  is,  in  fact,  nearly  or  exactly  proportional  to  the 
square  of  the  extent  or  amplitude  of  the  vibrations  which  produce 

the  tone.  ■  »  .    ,  r 

iii.  The  timbre  (the  French  word  for  '  stamp  ')  is  that  peculiar 
quahty  of  tone  which  distinguishes  a  note  when  sounded  on  one 
histrument  from  the  same  note  when  sounded  on  another.  Thus 
when  the  C  of  the  treble  stave  is  sounded  on  a  violin,  and  on  a 
flute,  the  two  notes  will  have  the  same  pitch,  that  is,  are  produced 
bv  the  same  number  of  vibrations  per  second,  and  they  may  have 
the  same  intensity,  and  yet  the  two  tones  will  have  very  distinct 
qualities,  that  is,  their  timbre  is  different  (180).  By  some  writers 
this  peculiar  property  is  called  the  ^<;/r)7<r. 

172  Syren— The  vibrations  of  any  sounding  body  are  so 
rapid  that  they  cannot  be  followed  by  the  eye  and  counted. 
Various  forms  of  apparatus  have  been  invented  for  the  purpose 
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of  determining  the  number  of  vibrations  corresponding  to  particular 
notes.  Of  these,  the  one  represented  in  fig.  153  is  given  as  being 
the  simplest  and  most  intelligible.  It  consists  of  a  circular  disc  of 
stout  cardboard,  or  of  sheet  metal,  about  a  foot  in  diameter.  This 
disc  is  perforated  by  four  concentric  series  of  small  equidistant  holes. 
For  simplicity's  sake  the  inner  of 
these  is  represented  as  having  12, 
the  second  15,  the  third  18,  and 
the  fourth  24  holes  ;  but  a  mul- 
tiple of  these  ratios,  say  48,  60, 
72,  and  96,  is  more  convenient. 

The  disc  is  made  to  rotate 
rapidly,  and  the  most  convenient 
plan  is  to  fix  it  on  a  turning 
table  (fig.  16),  in  the  place  of 
AB.  Then,  by  means  of  a  glass 
tube,  drawn  out  at  one  end 
so  as  to  be  smaller  than  the 
diameter  of  the  holes,  a  current 
of  air  is  directed  against  one  of  the  series  of  holes  in  the  rotatincr 
disc.  A  tone  is  now  heard,  which  is  tolerably  pure  when  the  rota- 
tions are  sufficiently  rapid,  and  the  number  of  vibrations  of  which 
can  be  readily  detemiined.  Suppose,  for  instance,  that  there  are  48 
in  the  inner  series  of  holes.  Then  each  time  a  hole  passes  in  front 
of  the  glass  tube  a  condensed  wave  is  produced  which  reaches  the 
ear  in  the  ordinary  manner.  If,  for  example,  the  disc  makes  16 
turns  in  a  second,  in  each  second,  16  times  48,  or  768  holes,  pass  in 
front  of  the  tube,  and  there  are  produced  768  waves,  which  fall 
upon  the  ear  within  a  second,  at  equal  intervals  of  time.  If  in  like 
manner  the  tube  were  held  over  the  second  series  of  holes,  while 
the  rotation  goes  on  at  the  same  rate,  we  should  hear  the  tones 
corresponding  to  16  times  60,  or  960  vibrations  in  a  second.  Thus 
proceeding  in  like  manner,  and  moving  the  tube  successively  from 
the  central  to  the  circumferential  series  of  holes,  we  hear  successively 
the  fundamental  note,  the  major  third,  the  fifth,  and  the  octave  (174). 

173-  lilmlt  of  perceptible  sounds.— Savart,  a  French  physicist, 
was  the  first  to  determine  the  limit  of  the  number  of  vibrations 
which  the  ear  could  perceive.  He  invented  an  apparatus  for  this 
purpose  which  is  known  as  Savart's  toothed  wheel.  It  consists 
essentially  of  a  metal  wheel  with  a  series  of  equidistant  sharp  teeth 
on  Its  periphery.    This  is  made  to  rotate  at  a  uniform  rate,  and  a 
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card,  or,  still  better,  a  thin  elastic  steel  plate,  is  held  so  that  in  the 
rotation  of  the  wheel  each  of  the  teeth  strikes  against  the  plate,  and 
each  time  produces  a  sound.  If,  for  instance,  the  rim  of  the  wheel 
has  600  teeth,  and  it  is  made  to  rotate  4  times  in  a  second,  2,400 
impulses  are  given  in  a  second.  The  number  of  impulses  depends 
thus  on  the  velocity  of  rotation,  and  the  sounds  produced  are  pure 
and  continuous. 

Thus,  to  determine  the  number  of  vibrations  correspondmg  to 
any  particular  note,  it  is  simply  necessary  to  turn  the  wheel  at  a 
uniform  rate  until  it  produces  a  note  in  unison  (175)  with  the  one  m 
question.    Knowing  then  the  number  of  teeth  on  the  wheel  and  the 
rate  of  rotation,  the  number  of  vibrations  can  be  at  once  calculated. 
By  means  of  this  apparatus  Savart  ascertained  that  the  deepest 
sounds  are  produced  by  16  vibrations  in  a  second.    If  the  number 
of  vibrations  is  less,  no  continuous  sound  is  heard.     The  same 
physicist  found  that  the  highest  sound  which  the  ear  can  perceue 
corresponds  to  48,000  vibrations  in  a  second.    Between  these  two 
limits  it  will  be  seen  what  an  enormous  quantity   of  sounds 
may  be  produced  and  perceived.    Yet  the  sounds  used  m  music 
and  more   especially  in    singing,  are   comprised  wuhin  much 
narrower  limits.    Thus  the  number  of  vibrations  produced  by  the 
human  voice  has  been  ascertained  ;  and  it  has  been  found  that 
the  lowest  notes  of  a  man's  voice  are  made  by  190  vibrations  in 
a  second,  and  the  highest  notes  by  678.    The  lowest  note  of  a 
woman's  voice  corresponds  to  573  vibrations,  and  the  highest  to 

''^f74.  Musical  scale.  Gamut.-The  human  ear  can  distin- 
guish among- several  sounds  not  merely  that  which  is  the  highest, 
or  the  lowest,  but  it  can  also  appreciate  the  relations  which  exist 
between  the  numbers  of  vibrations  corresponding  to  each  of  these 
sounds.  Not,  indeed,  that  we  can  say  whether  one  sound  produces 
two  or  three  times  as  many  vibrations  as  another  ;  but  whenever  the 
number  of  vibrations  of  two  successive  or  simultaneous  sounds  are 
in  a  simple  ratio,  these  sounds  excite  in  us  an  agreeable  sensation 
which  varies  with  the  ratio  of  the  vibrations  of  the  two  sounds,  and 
which  the  ear  can  readily  estimate.  Hence  results  a  series  of 
Tounds  characterised  by  relations,  which  have  th-"  ongm  m  the 
nature  of  our  organization,  and  which  constitute  what  is  called  tlv. 

""tlî^tnes  the  sounds  are  reproduced  in  the  same  order,  in 
periods  of  seven,  each  period  constituting  the  duUomc  s,aU  or 
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gamut  ;  and  the  seven  sounds  or  notes  of  each  gamut  are  designated 
by  the  names  C,  D,  E,  F,  G,  A,  B,  or  by  nt  or  do,  re,  mi,  fa,  sol,  la, 
si.  The  first  six  of  these  letters  are  the  first  syllables  of  the  lines 
of  a  hymn  which  was  sung  by  the  chorister  children  to  St.  John, 
their  patron  saint,  when  they  prayed  to  be  freed  from  hoarseness  ; 
and  the  word  si  is  formed  of  the  first  letters  of  St.  John's  name. 

Ut  queant  laxis  lesonare  fibris 

IWira  gestorum  famuli  tuorum 

Solve  polluti  labii  reatum 

S  ancte  I  oannes 

The  word  gamut  is  derived  {rom  ga?nma,  the  third  letter  of  the 
Greek  alphabet,  because  Guide  d'Arezzo,  who  first  (in  the  eleventh 
century)  represented  notes  by  points  placed  on  parallel  lines, 
denoted  these  lines  by  letters,  and  chose  the  letter  gamma  to  desig- 
nate the  first  line. 

If  we  agree  to  represent  by  i  the  number  of  vibrations  of  the 
fundamental  note  C  or  do  of  the  gamut — that  is  to  say,  of  the 
lowest  note — experiment  shows  that  the  numbers  of  vibrations  of 
the  other  notes  of  the  scale  are  those  given  in  this  table  : — 


c 

D 

E 

F 

G 

A 

B 

C 

do 

re 

mi 

fa 

sol 

la 

si 

do 

I 

9 
8 

i 

i 

3 

3 
2 

3 

15 
8 

2 

This  table  does  not  give  the  absolute  numbers  of  the  vibrations 
of  the  various  notes,  but  only  their  relative  numbers.  Knowing 
the  absolute  number  of  vibrations  of  the  fundamental  C,  we  may 
deduce  those  of  the  other  notes  by  multiplying  them- by  \,  |,  -3-  .  .  . 
or  2  respectively  ;  and  we  thus  find  that  at  the  octave  (175),  the 
number  of  vibrations  is  double  that  of  the  fundamental  note. 

The  scale  may  be  continued  by  taking  the  octaves  of  these  notes 
namely,  c,  d,  e,f,g,  a,  b,  and  again  the  octaves  of  these  last,  and 
so  forth. 

1 75.  Intervals. — An  interval  is  the  ratio  of  one  sound  to  another, 
that  is,  the  relation  between  the  numbers  of  vibrations  which  pro- 
duce these  sounds. 

The  interval  between  two  consecutive  notes  of  the  gamut  is 
called  a  second  \  such  as  the  interval  from  do  to  rc,  from  re  to 
from  mi  to  fa,  and  so  on. 

If  between  any  two  notes  which  are  compared,  there  are  one, 
two,  three,  four,  five,  or  six  intermediate  notes,  these  intervals  are 
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called  respectively,  a  third,  a  fourth,  fifth,  sixth,  seventh,  and 
octave.  These  words  are  not  used  in  the  same  sense  as  in  fractional 
arithmetic  ;  an  interval  of  a  fifth  simply  stands  for  the  difference 
of  pitch  between  the  first  and  fifth  notes  of  the  scale.  Thus  the 
interval  from  C  to  E  is  a  third,  that  from  C  to  F  a  fourth,  from  C 
to  G  a  fifth,  from  C  to  A  a  sixth,  and  from  C  to  B  a  seventh,  and 
from  C  to  t  an  octave. 

Although  two  or  more  notes  may  be  separately  musical,  it  does 
not  follow  that,  when  sounded  together,  they  produce  a  pleasant 
sensation.  When  ihe  ear  can  distinguish  without  fatigue  the  ratio 
between  two  sounds,  which  is  the  case  when  the  ratio  is  simple,  the 
accord  or  co-existence  of  these  two  sounds  forms  a  coiisojunice  ;  but 
if  the  number  of  vibrations  is  in  a  complicated  ratio  the  ear  is  un- 
pleasantly affected  and  we  have  dissonance. 

The  simplest  concord  is  unison,  in  which  the  numbers  of  vibra- 
tions are  equal  ;  then  comes  the  octave,  in  which  the  number  of 
vibrations  of  one  sound  is  double  that  of  the  other  ;  then  the  fifth, 
where  the  ratio  of  the  sounds  is  as  3  to  2  ;  the  fourth,  of  which 
the  ratio  is  4  to  3  ;  and  lastly,  the  third,  where  the  ratio  is  5  to  4. 

If  three  notes  are  sounded  together  they  are  concordant,  when 
the  number  of  their  vibrations  are  as  4  :  S  :  6.  Three  such  notes 
form  a  harmonic  triad,  and  if  sounded  with  a  fourth  note,  which  is 
the  octave  of  the  lowest,  they  constitute  what  is  called  a  ''major 
chord  Thus  C,  E,  G,  form  a  major  triad,  G,  B,  d  form  a  major 
triad,  and  F,  A,  c  form  a  major  triad.  C,  G,  and  F  have,  for  this 
reason,  special  names,  beifig  called  respectively,  the  tonic,  domi- 
nant, and  s7tb-doniinant,  and  the  three  triads  the  ionic,  dominant, 
and  sub-domi7mnt  triads  or  chords  respectively 

■  If,  however,  the  ratio  of  any  three  notes  is  as  10  :  12  :  15,  the 
three'  sounds  are  slightly  dissonant,  but  not  so  much  as  to  prevent 
them  from  producing  a  pleasant  sensation.  When  these  three  notes, 
and  the  octave  to  the  lower,  are  sounded  together,  they  constitute 

a  minor  chord. 

The  intervals  between  the  notes  in  the  scale  are— 

C  to  D  |.  G  to  A  \l 

D  to  E  V-  A  to  B  ^. 

E  to  F  îf.  B  to  C 

F  to  G  I. 

It  will  be  seen  that  there  are  here  three  kinds  of  intervals  :  the 
interval  I  is  called  a  major  tone,  and  that  of  V"  a  minor  tone  ;  the 
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relation  between  the  major  and  the  minor  tone  is  f  :  '^i  =\l,  and  is 
called  a  comma.  The  interval  \i  is  called  a  inajo7-  semitone.  The 
major  scale  is  formed  of  the  following  succession  of  intervals  :  a 
major  tone,  a.  minor  tone,  a  major  semitone,  a  major  tone,  a  minor 
■tone,  a  major  tone,  and  a  major  semitone.  It  is  this  succession 
which  constitutes  the  scale  ;  the  key  note,  or  the  tonic,  may  have 
any  number  of  vibrations  ;  but  once  its  height  is  fixed,  that  of  the 
other  notes  are  always  in  the  above  ratio. 

176.  On  semitones  and  on  scales  with  different  keynotes. — 
It  is  found  convenient  for  the  purpose  of  music  to  introduce  notes 
intermediate  to  the  seven  notes  of  the  gamut  ;  this  is  done  by  in- 
creasing or  diminishing  those  notes  by  an  interval  of  ||,  which  is 
called  a  inhwr  semitone.  When  a  note  (say  C)  is  increased  by 
this  interval,  it  is  said  to  be  sharpened,  and  is  denoted  by  the 
symbol  CJ5 ,  called  '  C  sharp  ;  '  that  is,  the  ratio  of  Cjt  to  C  is  as 
25  : 24.  When  it  is  decreased  by  the  same  interval,  it  is  said  to  be 
flattened,  and  is  represented  thus — Bb,  called  'B  flat  ;'  that  is,  the 
ratio  of  B  to  Bb  is  as  25  to  24.  If  the  effect  of  this  be  examined, 
it  will  be  found  that  the  number  of  notes  in  the  scale  from  C  up  to 
c  has  been  increased  from  seven  to  twenty-one  notes,  all  of  which 
can  be  easily  distinguished  by  the  ear.  Thus,  reckoning  C  to 
equal  i,  we  have — 

C       C«       Db       D       D«       Eb       E  etc. 

I         â£        il        5         I2  "         ^  etc 

Hitherto  the  note  C  has  been  taken  as  the  tonic  or  key  note.  Any 
other  of  the  twenty-one  distinct  notes  above-mentioned,  for  instance, 
G,  or  F,  or  Cj  ,  etc.,  may  be  made  the  keynote,  and  a  scale  of  notes 
constructed  with  reference  to  it.  This  will  be  found  to  give  rise  in 
•each  case  to  a  series  of  notes,  some  of  which  are  identical  with 
those  contained  in  the  sei-ies  of  which  C  is  the  key  note,  but  most 
of  them  different.  The  same  would  be  tme  for  the  minor  scale  as 
well  as  for  the  major  scale,  and  indeed  for  other  scales,  which  may 
be  constructed  by  means  of  the  fundamental  triad. 

177.  On  musical  temperament. — The  number  of  notes  that 
arise  from  the  construction  of  the  scales  described  in  the  last 
article  is  enoiTnous  ;  so  much  so  as  to  prove  ciuite. unmanageable 
in  the  practice  of  music  ;  and  particularly  for  music  designed  for 
instruments  with  fixed  notes,  such  as  the  pianoforte  or  harp.  Ac- 
cordingly it  becomes  practically  important  to  reduce  the  number  of 
notes,  which  is  done  by  slightly  altering  their  just  proportions. 
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This  process  is  called  temperameni.  By  tempering  the  notes, 
however,  more  or  less  dissonance  is  introduced,  and  accordingly 
several  different  systems  of  temperament  have  been  devised  for 
rendering  this  dissonance  as  slight  as  possible.  The  system  usually 
adopted  is  called  the  system  of  eqiial  temperament.  It  consists  in 
the  substitution  between  C  and  c  of  eleven  notes  at  equal  intervals, 
each  interval  being  the  twelfth  root  of  2,  or  1-05946.  By  this 
means  the  distinction  between  the  semitones  is  abolished,  so  that, 
for  example,  CJt  and  D  b  become  the  same  note.  The  scale  of 
twelve  notes  thus  fonned  is  called  the  chromatic  scale.  It  of  course 
follows  that  the  major  triad  becomes  slightly  dissonant.  Thus  in 
the  diatonic  scale,  if  we  reckon  C  to  be  i,  E  is  denoted  by  125000, 
and  G  by  i  -50000.  On  the  system  of  equal  temperament,  if  C  is 
denoted  by  i,  E  is  denoted  by  1-25992  and  G  by  i •49831- 

With  instruments  such  as  the  viohn  or  violoncello  it  is  possible 
to  obtain  all  the  intervals  with  perfect  accuracy,  that  is,  to  obtain 
just  temperament  ;  this  is  also  the  case  with  the  voice,  where  singers 
have  been  trained  to  sing  without  the  accompaniment  of  a  piano  ; 
hence  it  is  here  that  we  meet  with  the  highest  musical  effect. 

178.  THe  number  of  vibrations  producing:  eacb  note.  Tbe 
tuning-fork.— Hitherto  we  have  not  assigned  any  numerical  value 
to  that  symbol  the  note  C.    In  the  theory  of  music  it  is  common 
to  assign  256  double  vibrations  to  the  middle  C.    This,  however, 
is  arbitrary  ;  its  justification  is  the  facility  with  which  this  number 
may  be  subdivided.    An  instrument  is  in  tune  provided  the  in- 
tei-vals  between  the  notes  are  correct,  when  C  is  yielded  by  any 
number  of  vibrations  in  a  second  which  does  not  differ  much  from  256. 
Moreover,  two  instruments  are  in  tune  with  one  another,  if,  being 
separately  in  tune,  they  have  any  one  note,  for  instance,  C,  yielded 
by  the  same  number  of  vibrations.    Consequently,  if  two  instru- 
ments have  one  note  (say  C)  in  common,  they  can  then  be  brought 
into  tune  jointly,  by  having  their  remaining  notes  separately  ad- 
justed with  reference  to  that  fundamental  note.    A  tunvig-fork  or 
diapason  is  an  instrument  yielding  a  constant  sound,  and  is  used  as 
a  standard  for  tuning  musical  instruments.    It  consists  of  an  elastic 
steel  rod,  bent  as  represented  in  fig.  154-    It  is  made  to  vibrate 
either  by  drawing  a  bow  across  the  ends,  as  shown  in  the  figiire, 
or  by  striking  one  ofthe  legs  against  a  hard  body,  or  by  rapidly 
separating  the  two  legs  by  means  of  a  steel  rod.   The  vibration 
produces  a  note  which  is  always  the  same  for  the  same  tuning- 
fork. 


_  178]  Tuning  Fork.  1 7  5 

The  note  is  strengthened  by  fixing  the  tuning-fork  on  a  box 
open  at  one  end  called  a  resonance  box  (179). 

It  has  been  remarked  for  some  years  that  not  only  has  the  pitch 
of  the  tuning-fork,  that  is,  concert  pitch,  been  getting  higher  in  the 
larger  theatres  of  Europe,  but  also  that  it  is  not  the  same  in  London, 
Paris,  Vienna,  Milan,  etc.  This  is  a  source  of  great  inconvenience 
both  to  composers  and  singers,  and  a  commission  was  appointed 
toestabhsh  in  France  a  tuning-fork  of  uniform  pitch,  and  to  prepare 
a  standard  which  would  serve  as  an  invariable  type.  In  accord- 
ance with  the  recommendations  of  that  body,  a  norma/  ttining-fork 


Fig.  154- 


has  been  established,  which  is  compulsory  on  all  musical  estab- 
lishments in  France,  and  a  standard  has  been  deposited  in  the 
Conservatory  of  Music  in  Paris. 

It  makes  870  single  or  435  double  vibrations  in  a  second,  and 
yields  the  note  la  of  the  treble  stave  ;  the  do  or  C  of  the  same  stave 
jnakes  thus  261  double  vibrations  in  a  second. 

The  standard  tuning-fork  adopted  by  the  Society  of  Arts  in  Lon- 
don, on  the  recommendation  of  a  committee  of  eminent  musicians, 
makes  264  double  vibrations  in  a  second,  and  gives  the  middle  C 
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of  the  treble  stave.  The  corresponding  A  or  la  gives  therefore  440 
vibrations  in  a  second. 

The  middle  C  is  the  note  sounded  by  the  white  key  immediately 
on  the  left  of  the  two  black  keys  which  are  near  the  middle  of  the 
keyboard  of  a  pianoforte.    It  is  designated  in  musical  notation  as 

For  purposes  of  comparison  it  is  convenient  to  call 


this  note  c',  and  the  next  lower  octave  c  ;  the  octave  lower  than 
this  C,  and  the  still  lower  one  Q„  and  so  on.  The  lowest  note  of 
grand  pianos  is  A,,  which  gives  27-2  vibrations  in  a  second. 

In  like  manner  the  higher  octaves  are  distinguished  by  affixes, 
thus  c"  c'"  à"  and  so  forth.  In  height  the  pianoforte  reaches  to 
a"  with  3,520  or  c''  with  4,224  vibrations  in  a  second. 

The  practical  range  of  musical  sounds  is  comprised  within  40 
and  about  4,000  vibrations  in  a  second  ;  or  a  range  of  7  octaves. 

179.  Resonance  of  alr.-The  action  of  the  resonance-box 
in  strengthening  sound  (fig.  154)  may  be  illustrated  by  the  foUow- 


Fig.  I55. 


ing  experiment  (fig.  155)-  AB  is  a  glass  cylinder  about  8  inches 
in  height,  and  i  to       in  diameter.    If  now  an  ordmary  tunmg- 
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fork  be  made  to  vibrate,  its  sound  is  very  faint,  and  if  it  is  held 
over  the  empty  cyHnder  probably  no  alteration  will  be  experienced. 
When,  however,  water  is  slowly  and  noiselessly  poured  into  the 
cylinder,  on  reaching  a  certain  height,  the  previously  faint  sound  is 
far  louder.  Any  other  tuning-fork,  which  yields  a  different  note,  if 
held  over  the  cylinder,  will  not  have  its  note  strengthened.  Revert- 
ing now  to  the  original  tuning-fork,  if  while  it  is  still  sounding  and 
its  sound  is  being  strengthened  by  its  nearness  to  the  cylinder,  we 
continue  to  pour  in  water,  the  sound  becomes  as  faint  as  it  was 
originally.  If  now  the  excess  of  water  be  again  removed  until 
the  tone  of  the  fork  is  once  more  strengthened,  and  if,  removing  the 
fork,  we  sound  the  column  again  by  blowing  into  it,  we  find  that 
the  column  of  air  emits  the  same  note  as  the  tuning-fork.  Hence 
then  the  tuning-fork  could  set  a  column  of  air  of  a  particular  length 
in  vibration  so  as  to  produce  the  same  note  ;  and  this  adding  itself 
to  the  original  note  strengthened  it. 

180.  Compound  musical  tones.    Harmonics.  Overtones.  

We  have  already  seen  that  there  is  a  peculiar  quality  or  timbre,  as 
it  is  called,  by  which  the  notes  of  different  instruments  are  'cha- 
racterized. Thus  we  readily  distinguish  between  the  note  C  when 
sounded  on  a  pianoforte  and  the  same  note  sounded  on  an  organ 
or  a  ti-umpet.  This  peculiarity  of  the  tone  is  due  to  the  fact  that 
only  in  very  few  cases  does  an  instrument  give  a  pure  note,  but 
that  in  most  cases  it  is  accompanied  by  a  series  of  upper  notes  or 
harmonics.  To  understand  what  these  are  we  may  refer  to  art.  192, 
in  which  it  is  stated  that  by  successively  intensifying  the  cuirent 
of  air,  we  get  in  a  stopped  pipe  a  succession  of  notes  the  numbers 
of  whose  vibrations  are  as  the  series  of  odd  numbers,  i,  3,  5,  7  etc. 
So,  too,  if  we  sound  an  open  pipe  in  a  similar  way,  we  get  thé  series 
of  notes  whose  numbers  of  vibrations  are  represented  by  the  series  of 
even  numbers,  i,  2,  3,  4,  5,  etc.  These  are  called  respectively  the 
odd  and  even  harmonics  of  the  primary  note. 

Now  if  we  sound  a  particular  note  on  the  piano,  by  a  little  at- 
tention a  practised  ear  can  disco\'er  that  the  primary  note  is  ac- 
companied by  a  series  of  higher  notes,  each  of  which  gradually 
gets  fainter.  These  upper  notes  may  be  detected,  and  the  com- 
pound nature  of  the  primary  sound  analysed  even  by  an  unpractised 
ear  by  the  use  of  resonance  globes  which  Hclmholtz  devised  for 
this  purpose.  Tiiese  instruments,  one  of  which  is  represented  in 
fig.  156,  are  an  application  of  the  principle  explained  in  the  fore 
going  paragraph.    They  are  small  hollow  spheres  ;  the  projection 

N 


178 


On  Sound. 


[180- 


b,  which  has  a  small  hole,  is  placed  in  the  ear  while  the  wider 
aperture  a  is  directed  towards  the  source  of  sound.    Each  of  these 

resonators  is  constructed  or  tuned 
for  a  particular  note  ;   so  that  if 
having  sounded  the  string  of  a 
^        pianoforte,  we  hold  near  it  a  re- 
AîîïV^^  senator  tuned  for  a  particular  note, 
,jgf''       this  note  if  present  will  be  intensi- 
/         fied.    Thus,  if  we  depress  the  key  c 
y  we  hear  no  particular  strengthen- 

^  ^  ing  if  a  resonator  tuned  for  g  be 

'^'s-  '56.  jjg^  j-jg^j.  jiig  g^j-  .  ]3ut  when  the 

resonators  sounded  for  c',  g',  c",  are  used  we  hear  them  powerfully 
respond  when  held  to  the  ear.  Hence  the  notes  c',  g".  c",  are 
contained  in  the  mass  of  sound  which  is  produced  when  the  key  c 
is  depressed. 

Helmholtz's  researches  show  that  the  different  timbre  or 
quality  of  the  sounds  yielded  by  different  instruments  is  due  to  the 
fact  that  they  are  accompanied  in  each  case  by  special  harmonics 
or  overtones  in  varying  intensity  ;  his  principal  results  are  as 
follows  : — 

Simple  tones,  those,  that  is  to  say,  without  any  admi.xture  of 
overtones,  are  most  easily  produced  when  a  tuning-fork  is  held 
near  a  resonance-box  of  suitable  length.  Tnese  notes  are  soft  and 
are  free  from  all  sharpness  and  roughness. 

Flute  notes  are  also  nearly  pure,  for  their  overtones  are  very 
feeble.  Wide-stopped  organ  pipes  give  the  fundamental  note 
almost  perfectly  pure,  narrower  ones  give  along  with  it  the  fifth  of 
the  octave. 

Wide  open  pipes  give  the  octave  along  with  the  fundamental 
note  ;  and  narrow  ones  give  a  series  of  overtones. 

The  overtones  present  in  the  sound  of  stretched  strings  depend 
on  their  substance  and  on  the  manner  in  which  they  are  made  to 
sound.  In  good  pianos  the  overtones  are  powerful  up  to  the  sixth. 
In  stringed  instruments  the  fundamental  note  is  comparatively 
stronger  than  in  pianos  ;  the  first  overtones  are  feebler,  the  higher, 
from  the  sixth  to  the  tenth,  on  the  contrary,  are  far  more  distinct, 
and  produce  the  penetrating  character  of  the  sound  of  stringed 
instruments. 

Metallic  rods  and  plates  produce,  along  with  the  fundamental 
note,  a  series  of  very  high  overtones  which  are  discordant  with 
each  other,  but  are  continuous  and  of  equal  strength  with  the 
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primary  note.  Thus  is  produced  that  peculiarity  known  as  a 
metaUic  sound. 

By  the  occurrence  of  the  lower  harmonics  along  with  the  primary 
note  the  tone  is  more  sonorous,  richer  and  deeper  than  the  primary 
note  ;  by  the  occurrence  of  the  higher  overtones,  the  clang  acquires 
its  penetrating  character. 


CHAPTER  III. 
TRANSVERSE  VIBRATIONS  OF  STRINGS.     STRINGED  INSTRUMENTS. 

181.  Transverse  vibrations  of  string;s. — We  have  already 
seen  (157),  that  when  an  elastic  string,  stretched  at  the  ends,  is 
removed  from  its  position  of  equilibrium,  it  reverts  to  it  as  soon' as 
it  is  let  go,  making  a  series  of  vibrations  which  produce  a  sound. 
The  strings  used  in  music  are  commonly  of  catgut  or  metal  wire. 
The  vibrations  which  strings  experience  may  be  either  transverse 
or  longitudinal,  but  practically  the  former  are  alone  important. 
T ransverse  vibrations  may  be  produced  by  drawing  a  bow  across 
the  string,  as  in  the  case  of  the  violin  ;  or  by  striking  the  string, 
as  in  the  case  of  the  pianoforte  ;  or  by  pulling  them  transversely 
and  then  letting  them  go  suddenly,  as  in  the  case  of  the  guitar  and 
the  harp. 

182.  X,aws  of  the  transverse  vibrations  of  strings.  The 

number  of  transverse  vibrations  which  a  string  can  give  in  a 
certain  time,  that  is,  the  sound  it  yields,  varies  with  its  length  its 
diameter,  its  tension,  and  with  its  specific  gravity  in  the  follov^inc^ 
manner  : 

The  tension  being  constant; the  tiumber  of  vibrations  in  a  second 
ts  inversely  as  the  length  ;  that  is,  that  if  a  string  makes  18  vibra- 
tions in  a  second  for  instance,  it  will  make  36  if  its  length  is  halved 
54  If  Its  length  is  one-third,  and  so  on.  On  this  property  depend 
the  violin,  the  contre  basso,  etc.,  for  in  these  instruments,  by 
pressmg  the  string  with  a  finger,  the  length  is  reduced  or  increased 
at  pleasure,  and  the  number  of  vibrations,  and  therewith  the  note 
IS  regulated.  ' 

With  strings  of  the  same  length  and  tension  the  tuwiber  of 
vibrations  m  a  second  is  inversely  as  the  diameter  of  the  string  that 
IS,  the  thinner  a  string,  the  greater  its  number  of  vibrations,'  and 
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the  higher  its  pitch.  In  the  vioUn,  the  treble  string,  which  is  the 
thinnest,  makes  double  the  number  of  vibrations  of  that  which 
would  be  made  by  a  string  twice  its  size,  that  is  to  say,  the  dia- 
meter of  which  is  twice  as  great. 

The  number  of  vibrations  in  a  second  is  directly  as  the  square 
root  of  the  stretching  weight  or  tension -,  ^^^1  is,  that  when  the 
tension  of  a  string  is  four  times  as  great,  the  number  of  vibrations 
is  doubled  ;  when  the  tension  is  nine  times  as  great,  the  number  is 
trebled,  and  so  on.  This,  then,  furnishes  a  means  of  altering  the 
character  of  a  note  by  stretching,  as  is  done  in  stringed  mstruments 

Other  strings  being  equal,  the  number  of  vibrations  m  a  second 
of  a  string  is  inversely  as  the  square  root  of  its  density.  Hence, 
the  greater  the  density  of  the  materials  of  which  stnngs  are  made, 
the  less  easily  they  vibrate,  and  the  deeper  are  the  sounds  they  yield. 

From  the  preceding  laws  it  will  be  seen  how  easy  it  is  to  vary 
the  number  of  the  vibrations  of  strings  and  make  them  yield  an 
extreme  variety  of  sounds,  from  the  deepest  to  the  highest  used  in 

""""'I's",  verification  of  the  laws  of  the  vibrations  of  strings. 
Sonometer.-This  may  be  effected  by  means  of  an  mstrument 
called  the  sonometer  or  monochord  It  consists  of  a  thin  wooden 
bo  to  strengthen  the  sound.  On  this  there  are  t-  ^xed  bridges 
AandB  (fig.  i57),  over  which  ^ass  the  stnngs  AB,  CD,  which 
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are  stretcTied  by  equal  weights,  they  will  be  found,  on  being  struck, 
to  yield  the  same  sound.  If  now  one  of  them  be  divided  by  the 
moveable  bridge  D  into  two  equal  parts,  the  sound  yielded  by  CD 
will  be  the  higher  octave  of  that  yielded  by  the  entire  string  AB, 
which  shows  that  the  number  of  vibrations  is  doubled,  and  thus 
verifies  the  law. 

To  verify  the  second  law,  the  bridge  D  is  removed.  If  the  string 
AB  is  taken  so  that  it  has  double  the  diameter  of  the  other,  but  both 
stretched  by  the  same  weight,  it  will  be  found  that  the  sound  which 
the  thinnest  string  yields  is  the  next  higher  octave  of  that  yielded 
by  AB  ;  proving  thus  that  the  number  of  vibrations  is  doubled. 

The  two  strings  being  of  the  same  diameter,  and  the  same 
length,  if  the  weight  which  stretches  the  one  be  four  times  that 
which  stretches  the  other,  the  sound  yielded  by  the  first  is  the 
higher  octave  of  that  of  the  second,  which  shows  that  the  number 
of  vibrations  is  doubled  ;  when  the  weight  is  nine  times  as  great, 
the  sound  is  the  higher  octave  of  the  fifth  of  the  former. 

The  fourth  law  is  established  by  using  strings  of  different  den- 
sities, but  of  the  same  dimensions,  and  stretched  to  the  same  extent. 

184.  stringed  instruments. — Stringed  musical  instruments 
depend  on  the  production  of  transverse  vibrations.  In  some,  such 
as  the  piano,  the  sounds  are  constant,  and  each  note  requires  a 
separate  string  :  in  others,  such  as  the  violin  and  guitar,  the  sounds 
are  varied  hy  the  fingering,  and  can  be  produced  by  fewer  strings. 
■  In  the  piano  the  vibrations  of  the  strings  are  produced  by  the 
stroke  of  the  hammer,  which  is  moved  by  a  series  of  bent  levers 
communicating  with  the  keys.  The  sound  is  strengthened  by  the 
vibrations  of  the  air  in  the  sounding  box  on  which  the  strings  are 
stretched.  Whenever  a  key  is  struck,  a  damper  is  raised,  which 
falls  when  the  finger  is  removed  from  the  key  and  stops  the  vibra- 
tions of  the  corresponding  string.  By  means  of  a  pedal  all  the 
dampers  can  be  raised  simultaneously,  and  the  vibrations  then 
last  for  some  time. 

The  harp  is  a  sort  of  transition  from  the  instruments  with  con- 
stant to  those  with  variable  sounds.  Its  strings  correspond  to  the 
natural  notes  of  the  scale  ;  by  means  of  the  pedals  the  lengths  of 
the  vibrating  parts  can  be  changed,  so  as  to  produce  sharps  and 
flats.  The  sound  is  strengthened  by  the  sounding-box,  and  by 
the  vibrations  of  all  the  strings  harmonic  with  those  played. 

In  the  violin  and  guitar,  each  string  can  give  a  great  number 
of  sounds  according  to  the  length  of  the  vibrating  part,  which  iâ 
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determined  by  the  pressure  of  the  fingers  of  the  left  hand  while  the 
right  hand  plays  the  bow,  or  the  strings  themselves.  In  both  these 
instruments  the  vibrations  are  communicated  to  the  upper  face  of 
tlie  sounding-box,  by  means  of  the  bridge  over  which  the  strings 
pass.  These  vibrations  are  communicated  from  the  upper  to  the 
lower  face  of  the  box,  either  by  the  sides,  or  by  an  intermediate 
piece  called  the  sound-post.  The  air  in  the  interior  is  set  in  vibra- 
tion by  both  faces,  and  the  strengthening  of  the  sound  is  produced 
by  all  these  simultaneous  vibrations.  The  value  of  the  instrument 
consists  in  the  perfection  with  which  all  possible  sounds  are  in- 
tensified, which  depends  essentially  on  the  quality  of  the  wood, 
and  the  relative  arrangement  of  the  parts. 

Instruments  of  the  class 
of  the  violin  are  very  difficult 
to  play,  and  require  a  very 
delicate  ear  ;  but  in  the  hands 
of  skilful  artists  they  produce 
marvellous  effects.  They  are 
the  very  soul  of  an  orchestra, 
and  the  most  beautiful  pieces 
of  music  have  been  composed 
for  them. 

185.  Iiong-itudinal vibra- 
tions of  string:8  and  rods. — 
When  a  violin  bow  is  passed 
over  the  string  of  the  mono-  . 
chord  at  a  very  acute  angle, 
an  unpleasant  but  powerful 
tone  is  heard.    If  the  tension 
of  the  string  be  aUered,  there 
is  no  change  in  the  note.  If 
the  string  be  touched  in  the 
middle  it  yields  the  octave 
when  the  bow  is  passed  over 
it.     These  tones  are  pro- 
duced by  longitudinal  vibra- 
tions, their  pitch  varies  in- 
versely as  the  length  of  the 
string,  but  is  independent  of 


Fig.  158. 


the  thickness  and  tension.  In  like  manner  if  a  glass  tube  be 
grasped  in  the  middle,  and  rubbed  lengthwise  with  a  wet  cloth,  a 
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penetrating  but  not  unpleasant  tone  is  produced.  If  grasped  at  a 
quarter  of  its  length,  and  if  the  shorter  part  be  made  to  vibrate,  the 
octave  of  the  fornier  tone  is  obtained. 

Maiioye's  harp,  fig.  158,  is  an  arrangement  which  illustrates  the 
sounds  produced  by  the  longitudinal  vibration  of  rods.  It  consists 
of  a  series  of  deal  rods  of  different  lengths  and  thicknesses.  They 
are  sounded  by  rubbing  the  rods  lengthwise  with  resined  fingers.  A 
series  of  notes  of  varying  pitch  is  thus  produced,  which  by  a  skilful 
artist  is  far  from  unpleasing. 

The  tienitig-fork,  the  tj-inngle,  and  musical  boxes  are  examples 
of  the  transverse  vibration  of  rods.  In  musical  boxes  small  plates 
of  steel  of  different  dimensions  are  fixed  on  a  rod,  like  the  teeth  of 
a  comb.  A  cylinder  whose  axis  is  parallel  to  this  rod,  and  whose 
surface  is  studded  with  steel  teeth,  an-anged  in  a  certain  order,  is 
placed  near  the  plates.  By  means  of  a  clockwork  motion  the 
cylinder  rotates,  and  the  teeth  striking  the  steel  plates  set  them  in 
vibration,  producing  a  tune,  which  depends  on  the  arrangement  of 
the  teeth  on  the  cj'linder. 

1 86.  Chladni's  Fig^ures. — The  vibrations  of  plates  may  be  well 
illustrated  by  what  are  known  as  Chladni's  Figwes.  A  metal  plate 
is  clamped,  as  represented  in  figure 
1 59,  and  a  violin  bow  is  passed  smartly 
along  the  edge.  By  so  doing  higher 
or  lower  notes  are  produced  corre- 
sponding to  different  periods  of  vibra- 
tion of  the  plate.  These  vibrations 
are  made  apparent  if  the  plate  has 
been  previously  strewed  with  sand  ; 
the  plate  divides  itself  into  vibratory 
segments,  in  which  the  vibration  is  at  a 
maximum,  separated  from  each  other 
by  nodal  lines  or  places  of  no  vibra- 
tion. The  sand  dances  off  these  seg- 
ments and  gradually  settles  on  the 
lines,  and  thus  forms  beautiful  and 
characteristic  figures.  These  vibrat- 
ing parts  are  of  less  extent,  and  therefore  the  nodal  lines  more  numer- 
ous, the  higher  the  tones.  Their  arrangement,  and  therewith  the 
nature  of  the  tones,  depends  with  one  and  the  same  plate  on  the 
manner  in  which  it  is  sounded  by  the  bow,  and  also  on  the  way  in 
which  it  is  damped.    If  a  particular  point  of  the  plate  is  dampe  I, 
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a  nodal  line  is  produced  passing  through  the  given  point,  and  at 
the  same  time  that  a  special  system  of  nodal  lines  is  formed,  a  new 
note  results  from  the  vibration.    Figures  i6o  to  163  represent  the 


Fig.  160.  Fig.  161. 


Fig.  162.  Fig-  163- 

figures  produced  when  the  plate  is  stroked  with  a  bow  in  the  part 
denoted  by  the  letter  b,  while  at  the  same  time  the  plate  is  damped 
by  the  finger  being  held  at  a.  If  the  plate  is  damped  elsewhere  than 
in  the  centre,  other  and  more  complicated  figures  are  produced. 


CHAPTER  IV. 
SOUND  PIPES  AND  WIND  INSTRUMENTS. 

187.  Production  of  sound  In  pipes.— Sound  pipes  are  hollow 
pipes  or  tubes  in  which  sounds  arc  produced  by  making  the  en- 
closed column  of  air  vibrate.  In  the  cases  hitherto  considered 
the  sound  results  from  the  vibrations  of  solid  bodies,  and  the  air 


-188]  Mouth  Insiriinients.  185 

only  serves  as  a  vehicle  for  transmitting  them.  In  wind  instru- 
ments, on  the  contrary,  when  the  sides  of  the  tube  are  of  adequate 
thickness,  the  enclosed  column  of  air  is  the  sounding  body.  In 
fact,  the  substance  of  the  tubes  is  without  influence  on  the  primary 
tone  ;  with  equal  dimensions  it  is  the  same  whether  the  tubes  are 
of  glass,  of  wood,  or  of  metal.  These  different  materials  simply  do 
no  more  than  give  rise  to  different  harmonics,  and  impart  a  dif- 
ferent timbre  to  the  compound  tone  produced. 

If  tubes  were  simply  blown  into,  there  could  be  no  sound  ;  there 
would  merely  be  a  continuous  progressive  motion  of  the  air.  To 
produce  a  sound,  by  some  means  or  other  a  rapid  succession  of 
condensations  and  rarefactions  must  be  produced,  which  are  then 
transmitted  to  the  whole  column  of  air  in  the  tube.  Hence  the  ne- 
cessity of  having  a  mouthpiece,  that  is,  the  end  by  which  air  enters, 
so  shaped  that  the  air  enters  in  an  intermittent,  and  not  a  con- 
tinuous manner.  From  the  arrangement  made  use  of  to  set  the 
enclosed  air  in  vibration,  wind  instruments  are  divided  into  niouth 
instruments  and  leed  instruments. 

188.  iviouth  Instruments. — In  mouth  instruments  all  parts  of 
the  mouthpiece  are  fi.xed.  The  pipes  are  either  of  wood  or  metal, 
rectangular  or  cylindrical,  and  are  always  long  as  compared  with 
the  diameter.  Fig.  164  represents  a  wooden  rectangular  organ 
pipe  ;  fig.  165  gives  a  longitudinal  section  by  which  the  internal 
details  are  seen.  The  lower  part  P,  by  which  air  enters,  is  called  the 
foot  ;  the  air  emerges  through  a  narrow  slit  /,  and,  on  the  opposite 
side,  is  a  transverse  aperture  called  the  month  ;  a  and  b  are  the 
lips,  the  upper  one  of  which  is  bevelled. 

The  current  of  air,  arriving  by  the  mouth,  strikes  against  the 
upper  lip,  is  compressed,  and  by  its  elasticity  reacts  upon  the 
current  and  stops  it.  This,  however,  only  la^ts  for  an  instant,  for, 
as  the  air  escapes  at  ab,  the  current  from  the  foot  continues,  and  so 
on  for  the  whole  time. 

In  this  way,  pulsations  are  produced,  which,  transmitted  to  the 
air  in  the  pipe,  make  it  vibrate,  and  a  sound  is  the  result.  In  order 
that  a  pure  note  may  be  produced,  there  must  be  a  certain  relation 
between  the  form  of  the  lips  and  the  magnitude  of  the  mouth  ;  the 
tube  also  ought  to  have  a  great  length  in  comparison  with  its 
diameter.  The  number  of  vibrations  depends  in  general  on  the 
dimensions  of  the  pipe,  and  the  velocity  of  the  current  of  air. 

The  mouthpiece  we  have  described  is  used  in  organs.  Fig.  166 
represents  another  modification  much  in  use  in  organ  playing,  and 
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fig.  167  gives  a  longitudinal  section.  The  letters  indicate  the  same 
parts  as  in  fig.  165.    Fig.  168  shows  the  mouthpiece  of  a  flageolet 


Fig.  164. 


Fig.  165. 


Fi?.  16S. 


and  whistle.  In  the  German  flute  the  mouthpiece  consists  of  a 
small  lateral  circular  aperture  in  the  pipe.  By  means  of  his  hps 
the  player  causes  the  current  of  air  to  graze  against  the  edge  of  this 

aperture.  , 

i8g  Reed  Instruments.-In  reed  instruments  the  air  is  set 

in  vibration  by  means  of  elastic  tongues  or  plates,  which  are  called 

reeds  and  which  are  divided  into  free  reeds  and  beating  reeds. 

Beatin<r  reed.    This  consists  of  a  piece  of  wood  or  meta  ,  «  (hg_ 

170),  which  is  grooved  like  a  spoon.    It  is  fixed  to  a  kind  of 

stopper,  K,  perforated  by  a  hole,  which  connects  the  cavity  ^^nth 

TloL  pipe  T.    The  groove  is  covered  by  a  brass  plate,  /,  which 

is  called  the'  tongue.    In  its  ordinary  position  this  is  slightly  away 

from  the  edges  of  the  groove,  but  being  very  flexible,  readih  ap- 
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preaches,  and  closes  it.  Lastly,  a  curved  wire,  b7-,  presses  against 
the  tongue,  and  can  be  moved  up  and  down.  The  vibrating  part 
of  the  tongue  can  thereby  be  shortened  or  lengthened  at  will, 
and  the  number  of  vibrations  thus  regulated.  By  means  of  this 
wire,  reed  pipes  are  tuned. 

The  reed  is  fitted  to  the  top  of  a  rectangular  pipe  KN,  called 


Fig.  169-  Fig.  170.  Fig.  171. 


the  wind  channel.  This  is  closed  everywhere,  except  at  the 
bottom,  where  it  can  be  fitted  on  a  bellows.  In  models  of  reed 
pipes  used  in  illustrating  lectures,  the  sides  of  the  upper  part  of 
the  tube  are  made  of  glass,  so  as  to  show  the  construction  of  the 
reed.    This  arrangement  is  represented  in  fig.  169. 

When  air  arrives  in  the  wind  channel,  it  first  passes  between 
the  tongue  and  the  groove,  and  escapes  by  the  pipe  T  ;  but,  as  tlie 
velocity  increases,  the  tongue  strikes  against  the  edge  of  the 
groove,  and,  closing  it  completely,  the  current  is  stopped.    But,  in 
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virtiie  of  its  elasticity,  the  tongue  reverts  to  its  original  position, 
and  thus  by  a  series  of  alternate  openings  and  closings,  the  same 
series  of  pulsations  is  produced  as  in  mouth  instruments  ;  hence 
is  formed  a  sound  which  is  higher  the  more  rapid  the  current  of  air. 

Free  reed.  This  is  a  kind  of  reed  so  called  because  the  tongue, 
instead  of  striking  against  the  edges  of  the  groove,  hke  the  reed 
described  above,  grazes  them  so  as  to  oscillate  backwards  and  for- 
wards. The  groove  consists,  in  this  case,  of  a  small  wooden  box, 
ac,  fig.  171,  the  front  of  which  is  of  brass  plate.  In  the  middle  of 
this  is  a  longitudinal  slit,  in  which  is  appUed  the  tongue,  which  can 
oscillate  freely  backwards  and  forwards  so  as  to  allow  air  to  pass, 
which  it  closes  each  time  it  grazes  the  edges  of  the  slit.  In  this 
case  also  a  wire,  r,  regulates  the  length  of  the  vibrating  part  of  the 
tongue. 

A  reed  can  be  very  simply  made  from  a  piece  of  straw.  About 
an  inch  from  a  knot  an   incision  is  made  at  r  (fig.  172),  with  a 


Fig.  172. 

sharp  penknife,  which  is  about  a  quarter  as  deep  as  the  diameter 
of  the  straw  ;  and  then  by  laying  the  knife  flat  the  straw  is  slit  as 
far  as  the  knot  ;  the  strip  r  r,  thus  prodijced,  forms  a  reed  joined 
with. the  pipe  s  r.  The  note  of  this  pipe  depends  on  the  length  of 
the  tube  j  r,  and  is  higher  the  shorter  the  tube  is  made.  In  order 
to  sound  the  pipe,  the  whole  length  of  the  reed  is  placed  in  the 
mouth  and  the  lips  firmly  closed. 

190.  Bellows.— In  Siconsùcs  ^.  bellotus  is  an  apparatus  by  which 
wind  instruments,  such  as  the  syren  and  organ  pipes,  are  worked. 
Between  the  four  legs  of  a  table  there  is  a  pair  of  bellows,  S' (fig. 
173),  which  is  worked  by  means  of  a  pedal,  P.  R  is  a  reservoir  of 
flexible  leather,  in  which  is  stored  the  air  forced  in  by  the  bellows. 
If  this  reservoir  is  pressed  by  means  of  weights  on  a  rod,  T,  moved 
by  the  hand,  the  air  is  driven  through  a  pipe.  A,  into  a  wind  chest, 
mn,  fixed  on  the  table.  In  this  chest  there  are  small  holes  closed 
by  leather  valves  s  (fig.  I74)  These  can  be  opened  by  pressmg 
on  keys,  a,  in  front  of  the  box.  Below  the  valve  is  a  sprmg,  r, 
which  raises  the  valve  when  the  key  is  not  depressed.  The  sound 
pipe  is  placed  in  one  of  these  holes. 

191.  Nodes  and  loops.- Experiment  shows  that  when  a  pipe 
is  sounded,  the  column  of  air  is  subdivided  into  equal  parts,  vibrat- 
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ing  in  unison,  and  separated  by  surfaces  where  the  velocity  of  air 
is  null.  These  fixed  parts  are  called  7ifldcs  ;  and  the  part  between 
the  nodes  where  the  column  of  air  is  in  a  state  of  vibration  is  called 
a  loop,  or  a  ventral  segment. 

It  will  be  seen  afterwards  that  one  and  the  same  pipe  may  be 
made  to  yield  several  sounds,  and  that  the  nodes  and  ventral  seg- 
ments then  alter  their  position.    When  a  pipe  closed  at  one  end, 


Fig.  173. 

a  stopped  pipe,  is  made  to  yield  its  fundamental  sound,  that  is,  the 
deepest  one,  the  bottom  is  always  a  node,  and  the  mouthpiece  a 
ventral  segment.  An  open  pipe  when  sounded  has  a  ventral 
segment  at  each  end  ;  and  if  it  yields  the  fundamental  sound,  there 
is  a  single  node  in  the  middle. 

When  an  aperture  is  opened  in  the  side  of  a  sounding  pipe,  the 
sound  does  not  change  if  the  aperture  corresponds  to  a  loop  ;  but 
if  it  corresponds  to  a  node,  the  sound  is  altered,  for  this  node 'then 
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becomes  a  loop.  This  property  is  used  in  wind  instruments  like 
the  flute,  or  the  clarionet,  along  which  holes  are  made  which  can  be 
closed  by  the  fingers,  or  by  the  aid  of  keys. 

192.  Xaws  of  the  vibration  of  air  In  pipes. — The  vibrations  of 
air  in  pipes  present  two  cases  according  as  they  are  open  stopped. 

Laws  of  stopped  pipes.  When  having  placed  a  stopped  pipe  on 
the  bellows,  air  is  slowly  passed,  the  deepest  note,  the  fundamental 
sound,  is  produced.  If,  then,  we  denote  by  i  the  corresponding 
number  of  vibrations,  when  the  current  of  air  is  forced,  we  suddenly 
get  the  sound  corresponding  to  3  ;  and  if  the  wind  be  still  more 
forced,  we  have  successively  the  sounds  5,  7,  etc.  ;  that  is  to  say, 
sounds  which  by  their  pitch  correspond  to  vibrations  3,  5,  7,  etc. 
times  as  numerous  as  those  of  the  fundamental  sound.  Hence 
closed  pipes,  when  the  air  is  forced,  give  successively  sounds  re- 
preseiited  by  the  series  of  odd  numbers. 

The  sounds  3,  5,  7,  etc.,  are  called  the  odd  harinonics 
of  the  fundamental  note  i. 

2.  With  pipes  of  different  lengths,  the  ^lumbers  of 
vibrations  corresponding  to  the  fundamental  note  are  in- 
versely as  the  lengths  ;  that  is  to  say,  that  a  pipe  which 
is  half  as  long  as  another  will  yield  a  sound  which  is  the 
octave  of  that  yielded  by  this  pipe. 

Lazvs  of  open  pipes.  The  fundamental  note  being 
still  represented  by  unity,  the  harmonics  obtained  by 
forcing  the  wind  are  successively  represented  by  2,  3,  4, 
5,  6,  etc.,  that  is,  by  the  natural  series  of  numbers,  or  the 
even  harmonics. 

The  fundamejital  note  of  an  open  pipe  is  always  an 
octave  higher  than  the  fundamental  note  of  a  closed  pipe 
of  the  same  length. 

These  laws  are  known  as  BernouilU's  laws,from  the 
name  of  their  discoverer,  Daniel  Bernouilli. 

193.  Pitch  Pipe. — Instead  of  organ  pipes  of  various 
lengths  and  bellows,  these  laws  may  be  conveniently 
demonstrated  by  means  of  a  pitch  pipe,  fig.  I75>  which 
is  a  small  sound  pipe  with  a  movable  graduated  stopper. 
If  having  closed  the  pipe  at  its  full  length,  we  blow  into 
it,  we  get  the  fundamental  note  of  the  stopped  pipe,  say 
Fig-  175-     c;  if  now  we  blow  into  it  more  strongly  we  get  the  note 
g',  which  is' the  major  fifth  of  the  higher  octave  of  ^r,  and 
more  strongly  still  the  note  e" ,  which  is  the  major  third  of  its 
second  octave,  and  so  on  for  the  others. 
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In  like  manner,  having  just  closed  the  pipe,  if  we  push  in  the 
stopper  until  its  length  is  one  half  and  sound  it,  we  get  the  higher 
octave  of  the  fundamental  note  ;  by  making  it  ^  its  original  length 
we  get  the  major  third  of  c,  and  so  for  any  other  aliquot  part. 

By  removing  the  stopper  aUogether  we  have  an  open  pipe,  and 
the  note  c'  which  it  yields  is  the  octave  of  the  stopped  one,  and 
this,  sounded  by  increasingly  powerful  currents  of  air,  gives  the 
following  series  of  notes,  c"  g"  c'"      and  so  forth. 

194.  Wind  Instruments, — Wind  instruments  are  straight  or 
curved  tubes,  which  are  sounded  by  means  of  a  current  of  air 
forced  into  them.  They  have  all  an  aperture  by  which  air  is  forced 
into  them,  and,  according  to  the  form  of  this  aperture,  they  are 
divided  into  mouth  instruments  and  reed  instruments  ;  in  some, 
such  as  the  organ,  the  notes  are  fixed,  and  require  a  separate 
pipe  for  each  note  ;  in  others  the  notes  are  variable,  and  are 
produced  by  only  one  tube  ;  the  flute,  horn,  etc.,  are  of  this  class. 

The  Pandaean  pipe,  the  flageolet,  and  the  German  flute  are 
mouth  instruments.  The  principal  reed  instruments  are  the 
clarionet,  the  oboe,  the  cornopean,  and  the  bassoon. 

The  Pandaan  pipe,  fig.  176,  consists  of  lubes  of  different  sizes 
corresponding  to  the  different  notes  of  the  gamut. 


Fig.  176. 


In  the  organ  the  pipes  are  of  various  kinds,  namely,  mouth 
pipes,  open  and  stopped,  and  reed  pipes  with  apertures  of  various 
shapes.  The  air  is  furnished  by  means  of  bellows,  from  which  it 
passes  into  the  wind  chest,  and  thence  into  any  pipe  which  is 
desired  ;  this  is  effected  by  means  of  valves  which  are  opened  by 
depressing  keys  like  those  of  the  piano.  In  the  larger  and  richer 
organs  there  are  several  rows  of  key-boards  arranged  at  different 
heights. 

In  the  finie,  the  mouthpiece  consists  of  a  simple  lateral  circular 
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apei  ture  ;  the  current  of  air  is  directed  by  means  of  the  hps,  so 
that  it  grazes  the  edge  of  the  aperture.  Tiie  holes  at  different 
distances  are  closed  either  by  the  fingers  or  by  keys  ;  when  one  of 
the  holes  is  opened,  a  loop  is  produced  in  the  corresponding  layer 
of  air,  which  modifies  the  distribution  of  nodes  and  loops  in  the 
interior,  and  thus  alters  the  note.  The  whistling  of  a  key  is 
similarly  produced. 

Mouth  instruments.  In  the  trumpet,  the  horn,  the  trombone, 
cornet-à-piston,  and  ophicleide,  the  lips  form  the  reed,  and  vibrate 
in  the  mouthpiece  (fig.  I77),  which  termmates  m  a 
smaller  tube  by  which  it  can  be  affixed  to  the 
instrument.  In  the  horn,  different  tones  are  pro- 
duced by  altering  the  distance  of  the  lips.  In  the 
trombone, oxïQ  part  of  the  tube  slides  within  the  other, 
and  the  performer  can  alter  at  will  the  length  of  the 
tube,  and  thus  produce  higher  or  lower  notes.  In 
the  cornet-à-piston,  the  tube  forms  several  convo- 
lutions ;  pistons  placed  at  difi"erent  distances  can, 
when  played,  cut  off  communication  with  other 
parts  of  the  tube,  and  thus  alter  the  length  of  the 
vibrating  column  of  air. 

195  The  Human  Voice.— If  we  bevel  off  the 
ends^of  apiece  of  gutta-percha  or  of  wooden  tubing,  so  that  two 
summits  are  left,  and  if  now  two  pieces  of  thm  vulcanised  mdta- 
rubber  or  leather  be  stretched  and  tied  between  them  so  as  to 
leave  a  narrow  slit,  we  have  then  a  sort  of  membranous  reed  pipe 
fficr  178)  For  if  we  blow  into  the  tube  we  get  a  note  which  is 
^  °'    ^  ^'  ^  higher  the  tighter  the  hps  are  stretched; 

and  the  vibrations  of  the  lips  which 
form  the  slit  can  be  distinctly  seen. 

This  simple  experiment  well  illus- 
trates the  manner  in  which  the  sound 
of  the  human  voice  is  produced  m  the 
glottis  at  the  top  of  the  windpipe.  The 
windpipe  becomes  narrow  towards  the- 
top,  and  ends  in  a  sht,  formed  by  elastic 
bands,  the  vocal  chords. 

These  are  joined  back  and  front 

rt^e%sr\s°Vr:r;;ir?on.,e<i  .»o .... ..... 


Fig.  178. 
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associated  with  a  resonance  cavity,  the  mouth.  The  form  and 
width  of  the  sht  can  be  quickly  modified  by  the  changing  tension 
of  the  vocal  chords,  and  thus  sounds  widely  differing  in  pitch  may 
be  successively  produced  with  surprising  rapidity.  The  human 
reed  exceeds  in  this  respect  any  that  can  be  artificially  constructed. 

The  essential  sonorous  part  of  the  human  voice  is  formed  by  the 
vowels.  They  acquire  their  special  sound  by  the  fact  that  to  pro- 
duce them  in  each  case,  the  cavity  of  the  mouth  spontaneously 
alters  its  shape  and  thus  acts  as  a  special  resonator  to  each  sound. 
The  consonants  are  sounds  which,  fornied  by  the  lips,  tongue,  and 
teeih,  accompany  the  vowels  at  their  commencement  and  cessation. 

The  sounds  by  which  the  consonants  are  produced  are  much 
less  intense  than  the  vowel  sounds.  Hence  they  are  inaudible  at 
distances  at  which  the  vowel  soimds  can  be  distinctly  heard. 
Therefore,  in  speaking  with  people  hard  of  hearing,  it  is  by  no 
means  necessary  to  speak  louder,  but  it  is  sufficient  to  intensify  the 
consonants.  Indeed,  distinctness  of  speech  does  not  depend  on 
loud  screaming,  but  is  produced  by  careful  articulation. 
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CHAPTER  I. 
GENERAL  EFFECTS  OF  HEAT.  THERMOMETERS. 
iq6  Heat     Hypothesis  as  to  its  nature.-The  sensations  of 
1  JÏndTom'  are  S^Uiar  to  all  of  us.  In 
tenn is  not  only  used  to  express  a  P-^;-^=^;/;"^^^^^^^^^^^^^ 
also  to  describe  that  particular  state  or  condition  of  matter  Miicn 

be  mentioned  ;  these  are  the  theory  of  amsston,  and  the  theory  oj 

""l^n  the^first  view,  heat  is  caused  by  a  subtle  in.ponderable  fluid, 
On  the  nrst  vie« ,  , .       ^        ^^  ^an  pass  from 

„hich  surrounds  the  .hus  surround 

on.  body  to  another.  J^'  « „fluenfe  on  each  other,  in  conse- 
the  ""'rtiA  heat  arts  n  o'pposition  to  the  force  of  cohesion, 
r  Stlle  oÎtirs^Sance  ^n'to  our  hodies  produces  the  sensa- 

.elocit,  and  the  .  condition  which 

not  a  substance,  but  a  cojiaiiw    j  ^  ■  ^jg^  assumed 

can  be  transferred  '^^^^ ^^2%^^^^,]  .hich  pervades  all 
that  there  is  an  "^^P7'^^''t^^,.;^^3!!^Jen  solids  or  liquids,  the  most 
bodies,  the  densest,  or  t^^--^^^^^       ^s,  and  wl' ch  is  capable 
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vibratory  motion  of  this  ether  produces  heat,  just  as  sound  is  pro- 
duced by  a  vibratory  motion  of  atmospheric  air,  and  the  trans- 
ference of  heat  from  one  body  to  another  is  effected  by  the 
intervention  of  this  ether. 

This  hypothesis  is  now  admitted  by  the  most  distinguished 
physicists  ;  it  affords  a  better  explanation  of  the  phenomena  of 
heat  than  any  other  theory,  and  it  reveals  an  intimate  connection 
between  heat  and  light.  In  accordance  with  it,  heat  is  a  fo7'm 
ofmotio7t  ;  and  it  will  hereafter  be  shown  that  heat  may  be  converted 
into  motion,  and  conversely,  motion  may  be  converted  into  heat. 

Although  the  undulatory  theory  of  heat  .is  the  correct  one— the 
one,  that  is,  which  best  explains  and  accounts  for  the  greatest 
number  of  facts— yet  it  may  be  sometimes  convenient  to  use 
language  which  is  based  on  the  older  hypothesis.  Thus,  in  speaking, 
of  a  body  becoming  heated  or  cooled,  we  say  that  it  gains  or  loses 

heat;  in  reahty,  the  vibratory  motion  of  the  particles  is  increased 
or  diminished. 

In  what  follows,  however,  the  phenomena  of  heat  will,  as  far  as 
possible,  be  considered  independently  of  either  hypothesis. 

197.  General  efifects  of  heat.— The  general  action  of  heat  upon 
bodies  IS  to  increase  the  velocity  of  the  vibratory  motion  of  their 
molecules  and  accordingly  to  lessen  molecular  attraction  (4).  Under 
Its  influence,  therefore,  bodies  tend  to  <?jr/W— that  is,  to  assume  a 
greater  volume. 

All  bodies  expand  by  the  action  of  heat.  As  a  general  rule 
gases  are  the  most  expansible,  then  liquids,  and,  lastly,  solids  The 
expansion  of  bodies  by  heat  is  thus  a  new  general  property  to  be 
added  to  those  already  studied  (6). 

The  action  of  heat  upon  bodies  is  not  merely  to  expand  them  • 
when  raised  to  a  certain  point  bodies  first  lose  their  solidity  and 
become  somewhat  softer  ;  then,  as  the  heat  still  increases,  the 
force  of  repulsion  balances  molecular  attraction,  and  bodies  liquefy 
Wax,  resin,  sulphur  thus  pass  readily  from  the  solid  to  the  liquid 
state  ;  heat  therefore  produces  in  solids  a  change  of  state  of 
aggregation.    But  in  liquids  it  also  produces  a  similar  chan-^e 
When  bodies  are  heated  they  first  expand  ;  heated  still  more,  their 
nio  ecular  attraction  is  a^ain  overcome  by  the  force  of  repulsion 
and  bodies  are  then  changed  into  aeriform  liquids  called  vapours  ' 
that  s  "in         ''''°'™"f  f  ^^"'^'''^'^d  in  bodies,  heat  is  given  out, 
that  IS,  If  bodies  are  cooled  instead  of  being  heated,  the  opposite 
phenomena  are  produced  :  the  molecules  come  nearer  eacrother 
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the  volume  of  the  pores  diminishes,  and  with  it  that  of  the  body, 
which  is  expressed  by  saying  that  the  body  contracts.  By  coohng, 
vapours,  losing  their  elastic  force,  revert  to  the  liquid  state  ;  and 
liquids  themselves,  by  the  same  process,  gradually  return  to  the 
soUd  state.  Thus  water  changes  into  ice,  and  mercury  becomes  as 
hard  as  lead. 

Hence,  according  as  heat  increases  in,  or  is  lost  by,  bodies, 
two  physical' effects  may  be  produced:  i.  Changes  in  volume, 
consisting  in  expansions  and  contractions.  2.  Changes  of  condi- 
tion, that  is,  the  change  of  solids  into  liquids,  of  liquids  into  vapours, 
and'conversely.  We  shall  tirst  discuss  the  expansion  of  bodies,  and 
afterwards  their  changes  of  state. 

198  Expansion.— All  bodies  are  expanded  by  heat,  but  to  very 
different  extents.    Gases  are  most  expansible,  then  liquids,  and 

after  them  solids.  •  j 

In  solids,  which  have  definite  figures,  we  can  either  consider  the 
expansion  in  one  dimension,  or  the  linear  expansion  ;  in  two  dimen- 
sions, the  superficial  expansion  ;  or  in  three  dimensions,  the  cubical 
expansion  or  the  expansion  of  volume,  although  one  of  these  never 
takes  place  without  the  other.  As  liquids  and  gases  have  no 
definite  shapes,  we  can  only  consider  the  alterations  of  volume  which 
they  undergo. 


Fig.  179- 


To  show  the  linear  expansion  of  solids,  the  apparatus  represented  g 
in  fig  179  may  be  used.    A  metal  rod.  A,  is  fixed  at  one  end  by 
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a  screw,  B,  while  the  other  end  presses  against  the  short  arm,  C, 
of  ah  index,  D,  which  moves  on  a  scale.  Below  the  rod.  A,  there  is 
a  sort  of  cylindrical  lamp  in  which  spirit  is  burned.  The  needle, 
D,  is  at  first  at  the  zero  point,  but,  as  the  rod  becomes  heated, 
the  needle  moves  along  the  scale,  which  shows  that  the  short  arm, 
C,  of  the  lever  is  slightly  displaced,  pushed  by  the  rod,  A,  as  it 
expands. 

It  will  be  observed  that  if  rods  of  different  metals  are  used,  the 
index  will  be  moved  to  different  extents,  showing  that  their  expan- 
sibility differs.  Thus  it  will  be  found  that  brass  is  more  expansible 
than  iron,  or  steel. 

The  cubical  expansion  of  solids  may  be  shown  by  means  of  a 
Gravesaiidé s  ring.  It  consists 
of  a  brass  ball  a  (fig.  180),  which 
at  the  ordinary  temperature 
passes  freely  through  a  ring  vi, 
almost  of  the  same  diameter. 
But  when  the  ball  has  been 
heated,  it  expands  and  no  longer 
passes  through  the  ring.  It  does 
so,  however,  on  reverting  to  its 
original  temperature.  The  ex- 
pansibility of  liquids  and  gases, 
which  is  far  greater  than  that  of 
solids;  is  easily  shown.  For  a 
liquid,  a  glass  tube  with  a  bulb 
atone  end  maybe  used  (fig.  181), 
which  is  filled  with  some  liquid, 
coloured  alcohol  or  mercury,  for 
instance.  When  the  bulb  is  gently 'heated,  by  placing  it  in  tepid 
water  for  example,  the  column  of  liquid  is  seen  to  rise  considerably 
in  the  tube  ;  thus  from  a\.o  b. 

The  experiment  may  be  made  in  a  similar  manner  with  gases  ; 
yet,  as  they  are  far  more  expansible  than  liquids,  a  long  tube,  benf 
twice,  may  be  fused  to  the  bulb  tube,  as  represented  in  fig.  182. 
An  index  of  mercuiy.  ;;/,  is  introduced  in  the  tube,  which  is  effected 
by  gently  heating  the  bulb  so  as  to  expel  some  of  the  air  \  tx  drop 
of  mercury  being  then  placed  in  the  funnel,  a,  on  cooling  the  nir 
in  the  bulb  and  the  tube  contracts,  and  the  pressure  of  the  atmo- 
sphere forces  the  droplet  to  m,  for  instance.  The  apparatus  being 
thus  arranged,  if  the  bulb  is  held  in  the  hand  for  a  few  moment^, 


Fig.  180. 
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the  enclosed  air  expands  sufficiently  to  force  the  index  from  m  to 
an  expansion  which  is  far  greater  than  in  the  case  of  liquids. 

It  will  thus  be  seen  that  the  general 
effect  of  heat  upon  bodies  is  to  expand 
them.    Yet  this  only  applies  to  bodies 
which,  like  the  metals,  glass,  etc.,  do  not 
absorb  moisture.    Bodies  which  absorb 
moisture,  such   as  wood,  paper,  clay, 
undergo   a   contraction   when  heated, 
owing  to  the  increase  of  temperature  ex- 
pelling moisture  from  their  pores.  Thus 
a  moist  sheet  of  paper  placed  before  the 
fire  coils  up  on  the  heated  side.  Coopers, 
too,  to  curve  the  staves  of  barrels,  heat 
them  on  one  side,  by  lighting  a  fire  in 
the  inside  of  the  barrel  when  the  staves 
are  placed   close   together.     The  part 
turned  towards  the  fire  contracts  in  drj^- 
ing,  and  curves  on  the  side  exposed  to 
the  direct  action  of  heat. 


MEASUREMENT  OF  TEMPERATURES. 
THERMOMETRY. 


199.  Temperature.  —  The  tempe- 
rature or  hotness  of  a  body  may  be  de- 
82.  fined  as  being  the  greater  or  less  extent 
to  which  it  tends  to  impart  sensible  heat 
to  other  bodies.  The  temperature  of  any  particular  body  is  varied, 
by  adding  to  it  or  withdrawing  from  it  a  certain  amount  of  sensible 
heat.  The  temperature  of  a  body  must  not  be  confounded  with 
the  quantity  of  heat  it  possesses  ;  a  body  may  have  a  high  tempe- 
rature and  yet  have  a  very  small  quantity  of  heat,  and  conversely 
a  low  temperature  may  yet  possess  a  large  amount  of  heat.  If  a 
cup  of  water  be  taken  from  a  bucketful,  both  will  indicate  the  same 
temperature,  yet  the  quantities  of  heat  they  possess  will  be  difierent. 
The  subject  of  the  quantity  of  heat  will  be  afterwards  more  fully 
explained  in  the  chapter  on  Specific  Heat. 

200  TY,^rvcior^^x^T*.-Thermomcteys  are  instruments  for  mea- 
suring temperatures.    Owing  to  the  imperfections  of  our  senses  we 
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are  unable  accurately  to  measure  temperatures  by  the  sensations  of 
heat  or  cold  which  they  produce  in  us,  and  for  this  purpose  recourse 
must  be  had  to  the  physical  effects  of  heat  upon  bodies.  The  most 
accurate  and  the  most  convenient  are  the  expansive  effects.  Solids, 
■having  but  little  expansibility,  can  only  be  used  to  examine  large 
intervals  of  temperature  ;  gases,  on  the  other  hand,  are  very  ex- 
pansible, and  only  serve  to  measure  small  alterations  of  temperature. 
They  are,  moreover,  affected  by  changes  of  atmospheric  pressure. 
For  these  reasons,  liquids  are  best  suited  for  the  construction  of 
thermometers.  Mercury  and  alcohol 
are  the  only  ones  used— the  former 
because  its  expansion  is  regular,  and 
it  only  boils  at  a  very  high  temperature, 
and  the  latter  because  it  does  not 
solidify  even  at  thegreatest  knowncold. 

The  mercurial  thermometer  is  the 
one  most  extensively  used.  It  consists 
of  a  capillary  glass  tube,  at  the  end  of 
which  is  blown  the  bulb,  a  cylindrical 
or  spherical  reservoir  (fig.  183).  Both 
the  bulb  and  a  part  of  the  stem  are 
filled  with  mercury,  and  the  expansion 
is  measured  bya  scale  graduated  either 
on  the  stem  itself  (fig.  187),  or  on  a 
frame  to  which  it  is  attached  (fig. 
190). 

The  filling  of  the  tube  with  mercury 
may  be  effected  by  fusing  to  the  tube  a 
small  funnel  as  shown  in  fig.  1 83.  In  this 
is  placed  a  small  quantity  of  mercury, 
and  the  bulb  is  then  gently  heated  by 
a  spirit-lamp.  The  expanded  air  par- 
tially escapes  by  the  funnel,  and  on 
cooling,  the  air  which  remains  con- 
tracts, and  a  portion  of  the  mercury 
passes  into  the  bulb.    The  bulb  is  then       Fig.  183.  Fig.  184. 

again  warmed,  and  allowed  to  cool,  a 

fresh  quantity  of  mercury  enters,  and  so  on,  until  the  bulb  and 
part  of  the  tube  are  full  of  mercury.  The  mercury  is  then  heated  to 
boiling  ;  the  mercurial  vapours  in  escaping  carry  with  them  the  air 
and  moisture  which  remain  in  the  tube.  The  tube,  being  thus  full  of 
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the  expanded  mercury  and  of  mercurial  vapour,  is  hermetically  sealed 
at  one  end.  When  the  thermometer  is  cold  the  mercury  ought  to 
till  the  bulb  and  a  portion  of  the  stem. 

20 1.  Graduation  of  the  tbermometer. — The  thermoineter 
having  been  filled,  as  has  just  been  described,  whenever  the  tem- 
perature rises  or  sinks,  the  mercury  rises  or  sinks  in  the  stem,  and 
these  variations  furnish  a  means  of  measuring  temperatures.  For 

this  purpose  a  graduated  scale 
must  be  constructed  along  the 
stem.  In  graduating  the  scale 
two  points  must  be  taken,  which 
represent  definite  fixed  tempe- 
ratures and  which  can  always 
be  easily  produced. 

Experiment  has  shown  that 
ice  always  melts  at  the  same 
point  whatever  be  the  degree 
of  heat,  and  that  distilled  water 
under  the  same  pressure,  and  in 
a  vessel  of  the  same  kind,  always 
boils  at  the  same  temperature. 
Consequently,  for  the  first  fixed 
point,  or  zero,  the  temperature 
of  melting  ice  has  been  taken  ; 
and,  for  a  second  fixed  point, 
the  temperature  of  boiling  water 
in  a  metal  vessel  under  the 
standard  atmospheric  pressure 
of  30  inches. 

This  interval  of  temperature, 
that  is,  the  range  from  zero  to 
the  boiling  point,  is  taken  as 
the  unit  for  comparing  tempera- 
tures ;  just  as  a  certain  length,  a 
foot  or  a  yard  for  instance,  is 
used  as  a  basis  for  comparing 
lengths. 

To  obtain  zero,  snow  or  pounded  ice  is  placed  in  a  vessel,  in 
the  bottom  of  which  is  an  aperture  by  which  water  escapes  (fig. 
185).  The  bulb  and  a  part  of  the  stem  of  the  thermometer  are 
immersed  in  this  for  about  a  quarter  of  an  hour  ;  the  mercury 


Fig.  185. 


-202]      Construction  of  the  Thcrinopieter  Scale.        20  r 


sinks,  and  the  level  at  which  it  finally  rests,  t  for  instance,  is  marked 
by  tying  a  piece  of  thread  round  the  stem. 

The  second  fixed  point  is  determined  by  means  of  the  apparatus 
represented  in  fig.  186.  It  consists  of  a  tin-plate  vessel  containing 
distilled  water,  in  the  lid  of 
which  is  a  long  tube.  The 
thermometer  is  placed  in  this 
by  means  of  a  cork,  and  the 
water  heated  to  boiling.  The 
thermometer  is  thus  surrounded 
by  steam,  which,  liberated  from 
the  liquid,  escapes  by  the 
lateral  apertures.  This  steam 
is  at  the  same  temperature  as 
the  water  from  which  it  is 
liberated,  and,  when  the  mer- 
cury is  stationary,  a  second 
mark  is  made  upon  the  stem. 

202.  Construction  of  the 
scale.  —  Just  as  the  foot-rule 
which  is  adopted  as  the  unit 
of  comparison  for  length  is 
divided  into  a  number  of  equal 
divisions  called  inches,  for  the 
purpose  of  having  a  smaller  unit 
of  comparison,  so  likewise  the 
unit  of  temperatures,  the  range 
from  zero  to  the  boiling  point, 
must  be  divided  into  a  number 
of  parts  of  equal  capacity  called 
degrees.  There  are  three  modes 
in  which  this  is  done.  On  the 
Continent,  and  more  especially 
in  î>ance,  this  space  is  divided 
into  100  parts,  and  this  division 
is  called  the  Centioyade  or  Celsius  scale  ;  the  latter  being  the 
name  of  the  mventor.  The  Centigrade  thermometer  is  almost 
exclusively  adopted  in  foreign  scientific  works,  and  as  its  use  is 

is  country,  it  has  been  and  will  be  adopted 

a  small  cipher  placed  a  little 


Fig,  186. 


gradually  extending  in  th 
in  this  book. 

The  degrees  are  designated  by 


On  Heat. 


[202- 


202 

above  on  the  right  of  the  number  which  marks  the  temperature, 
and  to  indicate  temperatures  below  zero  the  minus  sign  is  placed 
before  them.    Thus  -i  5°  signifies  15  degrees  below  zero, 
(a  In  accurate  thermometers  the  scale  is  marked  on  the 

stem  itself  (fig.  187).  It  cannot  be  displaced,  and  its 
length  remains  fixed,  since  glass  has  very  little  expansi- 
bility. The  marking  is  effected  by  covering  the  stem  with 
a  thin  layer  of  wax,  and  then  marking  the  divisions  of  the 
scale,  as  well  as  the  corresponding  numbers,  with  a  steel 
point.  The  thermometer  is  then  exposed  for  about  ten 
minutes  to  the  vapours  of  a  substance  called  hydrofluoric 
acid,  which  attacks  the  glass  where  the  wax  has  been 
removed.  The  rest  of  the  wax  is  then  removed  by  means 
of  turpentine,  and  the  stem  is  found  to  be  permanently 
etched. 

Scales  are  also  constructed  on  plates  of  ivory,  wood, 
or  metal,  against  which  the  stem  is  placed.  Fig.  190 
represents  this  arrangement. 

Besides  the  Cefitigrade  scale  two  others  are  frequently 
yxi^à-— Fahrenheit's  scale  and  Réaiimur''s  scale. 

In  Réaumur's  scale  the  fixed  points  are  the  same  as 
on  the  Centigrade  scale,  but  the  distance  between  them 
is  divided  into  80  degrees  instead  of  into  100.  That  is  to 
say,  80  degrees  Réaumur  are  equal  to  100  degrees  Centi- 
grade ;  one  degree  Réaumur  is  equal  to  ^5  or  |  of  a 
degree  Centigrade,  and  one  degree  Centigrade  equals 
«0  or  i  degree  Réaumur.  Consequently  to  convert  any 
number  of  Reaumur  degrees  into  Centigrade  degrees  (20 
for  example),  it  is  merely  necessary  to  multiply  them 
by  I  (which  gives  25).  Similarly,  Centigrade  degrees  are 
converted  into  Réaumur's  by  muUiplying  them  by  5. 

The  thermometric  scale  invented  by  Fahrenheit  in 
1 7 14  is  still  much  used  in  England,  and  also  in  Holland 
and  North  America.    The  higher  point  is  like  that  of  the  other 
scales  the  temperature  of  boiling  water,  but  the  nu  1-pomt  or  zero 
s  the  lemperature  obtained  by  mixing  equal  weights  ^3^:-"™-^^^ 
r.now  and  the  interval  between  the  two  points  is  divided  into 
H^r/es     inie  zero  was  selected  because  the  temperature  was 
7'l   fest  then  known,  and  was  erroneously  thought  to  represent 
/^/I  When  Fahrenheit's  thermometer  is  placed  in  me  t- 

t^^^L^^  33  degrees,  and  therefore,  100  degrees  on  the 
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Centigrade  scale  are  equal  to  180  degrees  on  the  Fahrenheit  scale, 
and  thus  i  degree  Centigrade  is  equal  to  ?  degree  Fahrenheit,  and 
conversely  i  degree  Fahrenheit  is  equal  to  |  of  a  degree  Centi- 
grade. 

If  it  be  required  to  convert  a  certain  number  of  Fahrenheit  de- 
grees (95  for  example)  into  Centigrade  degrees,  the  number  32 
must  be  first  subtracted,  in  order  that  the  degrees  may  count  from 
the  same  point  of  the  scale.  The  remainder  in  the  example  is  thus 
63,  and  as  i  degree  Fahrenheit  is  equal  to  |  of  a  degree  Centigrade, 
63  degrees  are  equal  to  63  x  |  or  35  degrees  Centigrade. 

If  F  be  the  given  temperature  in  Fahrenheit's  degrees  and  C 
the  corresponding  temperature  in  Centigrade  degrees,  the  former 
may  be  converted  into  the  latter  by  means  of  the  formula 

(F-32)f  =  C, 

and  conversel)'.  Centigrade  degrees  may  be  converted  into  Fahren- 
heit by  means  of  the  formula 

|C  +  32  =  F. 

These  formula;  are  applicable  to  all  temperatures  of  the  two  scales, 
provided  the  signs  are  taken  into  account.  Thus,  to  convert  the 
temperature  of  5  degrees  Fahrenheit  into  Centigrade  degrees  we 
have 

(5-32)  2=^-^1^= -15°  c. 

In  like  manner  we  have  for  converting  Réaumur's  into  Fahren- 
heit's degrees  the  formula 

|R  +  32  =  F, 

and  conversely,  for  changing  Fahrenheit's  into  Reaumur's  degrees, 
the  formula 

(F-32)|  =  R. 

203.  Alcobol  tUermometer.— The  alcohol  ther/mmefer  differs 
from  the  mercurial  thermometer  in  being  filled  with  coloured 
alcohol.  But  as  the  expansion  of  liquids  is  less  regular  in  propor- 
tion as  they  are  near  the  boiling  point,  alcohol,  which  boils  at  78°  C, 
expands  very  irregularly.  Hence,  alcohol  thermometers  are  usually 
graduated  by  placing  them  in  baths  at  different  temperatures  to- 
gether with  a  standard  mercurial  thermometer. 
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The  filling  is  effected  by  gently  heating  the  bulb,  so  as  to  expel 
a  certain  quantity  of  air,  then  inverting  it  and  plunging  the  open 

end  into  alcohol  (fig.  i88). 
The  interior  air  contracts 
on  cooling,  and  the  atmo- 
spheric   pressure  raises 
the  alcohol  in  the  tube 
and  in  the  bulb.    It  does 
not  at  first  fill  it  com- 
pletely, for  some  air  re- 
mains ;  but  the  alcohol 
is  then  boiled,  and  its 
vapours  expel  all  the  air  ; 
the  tube  is  then  again 
inverted    and  placed  in 
alcohol,  and  now  the  in- 
Fig.  188.  strument  fills  completely. 

The  further  construction  resembles  that  of  a  mercurial  thermo- 
meter. 

204.  limits  to  the  employment  of  mercurial  thermometers. 

—Of  all  thermometers  in  which  liquids  are  used,  the  one  with 
mercury  is  the  most  useful,  because  this  liquid  expands  most  re- 
gularly, and  is  easily  obtained  pure,  and  because  its  expansion  be- 
tween-36°  and  100°  is  regular,  that  is,  proportional  to  the  degree 
of  heat.  It  also  has  the  advantage  of  having  a  very  low  specihc 
heat  (-57)  But  for  temperatures  below -36°  C.  the  alcohol  ther- 
mometer must  be  used,  since  mercury  solidifies  at  -40°  C.  to  a  mass 
like  lead  Above  100  degrees  the  coefficient  of  expansion  increases 
and  the  indications  of  the  mercurial  thennometers  are  only  approxi- 
mate the  error  amounting  sometimes  to  several  degrees.  iMercunal 
thermometers  also  cannot  be  used  for  temperatures  above  350  ,  lor 
this  is  the  boiling  point  of  mercury. 

Observations  by  means  of  the  thermometer.  In  taking  the  tem- 
perature of  a  room,  the  thermometer  is  usually  suspended  against 
the  wall.  This  may,  however,  give  rise  to  an  error  of  several  de- 
.rrees  •  for  if  the  wall  communicates  with  the  outside,  and,  especial  y  it 
k  has'a  northern  aspect,  it  will,  generally  speaking  be  colder  thah 
the  air  in  the  room,  and  will  communicate  to  the  thermometer  too 
low  a  temperature.  On  the  other  hand  it  may  haPP^"  th^^^^h^  ^^^^ 
becomes  too  much  heated  by  the  sun's  rays>  or  by  chimney  flues 
and  then  the  thermometer  will  be  too  high.    The  only  way  to 
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obtain  with  accuracy  the  temperature  of  the  air  in  a  room  is  to 
suspend  the  thermometer  by  a  string  in  the  centre  at  a  distance 
from  any  object  which  might  raise  or  lower  its  temperature.  The 
same  remai-k  apphes  to  the  determination 
of  the  temperature  of  the  atmosphere  ; 
the  thermometer  must  be  suspended  in 
the  open  air,  in  the  shade,  and  not 
against  a  wall. 

205.  Iieslie's  differential  thermo- 
meter.— Sir  John  Leslie  constructed  a 
thermometer  for  showing  the  difference 
of  temperature  of  two  neighbouring  places, 
from  which  it  has  received  the  name 
differential  iheriiiometer.  It  consists  of 
two  glass  bulbs  containing  air,  and  joined 
by  a  bent  glass  tube  of  small  diameter  fixed 
on  a  frame  (fig.  189).  Before  the  apparatus 
is  sealed,  a  coloured  liquid  is  introduced 
in  sufficient  quantity  to  fill  the  horizontal 
part  of  the  tube  and  about  half  the  verti- 
cal legs.  It  is  important  to  use  a  liquid 
which  does  not  give  off  vapour  at  ordinary 
temperatures,  and  dilute  sulphuric  acid  coloured  with  litmus  is 
generally  preferred.  The  apparatus  being  closed,  the  air  is  passed 
from  one  bulb  into  the  other,  by  heating  them  unequally,  until  the 
level  of  the  liquid  is  the  same  in  both  branches.  A  zero  is  marked 
at  each  end  of  the  liquid  column.  To  graduate  the  apparatus, 
one  of  the  bulbs  is  raised  to  a  temperature  10°  higher  than  the 
other.  The  air  of  the  first  is  expanded  and  causes  the  column  of 
liquid,  ba,  to  rise  in  the  other  leg.  When  the  column  is  stationary 
the  number  10  is  marked  on  each  side  at  the  level  of  the  liquid,  the 
distance  between  zero  and  10  being  divided  into  10  ecjual  parts, 
both  above  and  below  zero,  on  each  leg. 

206.  Rutherford's  maximum  and  minimum  thermometers. — ■ 
It  is  necessary,  in  meteorological  observations,  to  know  the  highest 
temperature  of  the  day,  and  the  lowest  temperature  of  the  night. 
Ordinary  thermometers  could  only  give  these  indications  by  a  con- 
tmuous  observation,  which  would  be  impracticable.  Several  in- 
struments have  accordingly  been  invented  for  this  purpose,  the 
smiplest  of  which  is  Rutherford's.  On  a  rectangular  piece  of  plate 
glass  (fig.  190)  two  thermometers  are  fixed,  wliose  stems  are  bent 
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horizontally.  The  one,  ^,  is  a  mercurial,  and  the  other,  B,  an 
alcohol  thermometer.  In  A  there  is  a  small  piece  of  iron  wire,  A, 
moving  freeiy  in  the  tube,  which  serves  as  an  index.  The  ther- 
mometer being  placed  horizontally,  when  the  temperature  rises  the 
mercury  pushes  the  index  before  it.  But  as  soon  as  the  mercury- 
contracts,  the  index  remains  in  that  part  of  the  tube  to  which  it  has 
been  moved,  for  there  is  no  adhesion  between  the  iron  and  the 
mercury.  In  this  way  the  index  registers  the  highest  temperature 
which  has  been  obtained  ;  in  the  figure  this  is  32°.  In  the  minimum 
thermometer  there  is  a  very  minute  hollow  glass  tube  which  serves  as 


Fig.  igo. 

index.  When  it  is  at  the  end  of  the  column  of  liquid,  and  the  tem- 
perature falls,  the  column  contracts  and  carries  the  index  with  it, 
in  consequence  of  adhesion,  until  it  has  reached  the  greatest  con- 
traction When  the  temperature  rises,  the  alcohol  expands,  and, 
passing  between  the  sides  of  the  tube  and  the  index,  does  not  dis- 
place B  The  position  of  the  index  gives  therefore  the  lowest  tem- 
perature which  has  been  reached  :  in  the  figure  this  is  5  degrees 

below  zero.  .      .  . 

207  Pyrometers.-The  name  pyrometers  is  given  to  instal- 
ments for- measuring  temperatures  so  high  that  mercurial  ther- 
mometers icould  not  be  used.  The  older  contrivances  for  this 
purpose,  Wedgwood's,  Daniell's  (which  in  principle  resembled  the 
apparatus  in  fig.  119),  Brongniart's,  etc.,  are  gone  entirely  out  of 
use  None  of  them  gives  an  exact  measure  of  temperatuie,  and 
the"  methods  now  used  depend  either  on  the  expansion  of  gasc^. 
or  on  thermo-electricity  (Book  VIII.  Chapter  x.ii.). 
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CHAPTER  II. 

RADIATION  OF  HEAT. 

208.  Radiant  beat. — If  we  stand  in  front  of  a  fire,  or  expose 
ourselves  to  the  sun's  heat,  we  experience  a  sensation  of  warmth 
which  is  not  due  to  the  temperature  of  the  air  ;  for  if  a  screen  be 
interposed,  the  sensation  immediately  disappears,  which  would  not 
be  the  case  if  the  surrounding  air  had  a  high  temperature.  Hence 
bodies  can  send  out  rays  which  excite  heat,  and  which  penetrate 
through  the  air  without  heating  it,  just  as  rays  of  light  pass  through 
transparent  bodies.  Heat  thus  propagated  is  said  to  be  radiated  ; 
and  we  shall  use  the  term  7-ay  of  heat,  or  thermal  or  calorific  ray, 
in  a  similar  sense  to  that  in  which  we  use  the  term  ray  of  light 
or  lumitious  ray. 

We  shall  find  that  the  property  of  radiating  heat  is  not  confined 
to  incandescent  substances,  such  as  a  fire,  or  a  lamp,  or  a  red-hot 
ball,  but  that  bodies  of  all  temperatures  radiate  heat.  Thus  a 
bottle  full  of  hot  water  and  a  bottle  full  of  cold  water  both  emit  heat  ; 
the  first  emits  more  as  compared  with  the  second,  the  greater  the 
difference  of  temperature  between  the  two. 

209.  Iiaws  of  radiation. — The  radiation  of  heat  is  governed  by 
three  laws. 

I.  Radiation  takes  place  in  all  directions  roimd  a  body.  If  a 
thermometer  be  placed  in  different  positions  round  a  heated  body, 
it  indicates  everywhere  a  rise  in  temperature  ;  at  equal  distances 
from  the  source  of  heat  it  indicates  the  same  rise  in  temperature. 

I I.  Heat  is  propagated  in  a  right  line.  For,  if  a  screen  be  placed 
in  the  right  line  which  joins  the  source  of  heat  and  the  thermometer, 
so  as  to  stop  the  rays,  the  latter  is  not  affected. 

But  in  passing  obliquely  from  one  medium  into  another,  as 
from  air  into  a  glass,  calorific,  like  luminous  rays,  become  deviated, 
an  effect  known  as  refraction.  The  laws  of  this  phenomenon  are 
the  same  for  heat  as  for  light,  and  they  will  be  more  fully  discussed 
under  the  latter  subject. 

III.  Radiant  heat  is  propagated  in  a  vacuum  as  well  as  in  air. 
This  is  demonstrated  by  the  following  experiment  :— 

In  the  bottom  of  a  glass  flask  a  thermometer  is  fixed  in  sucli 
a  manner  that  its  bulb  occupies  the  centre  of  the  flask  (fig.  191). 
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The  neck  of  the  flask  is  next  carefully  narrowed  by  means  of  the 
blow-pipe,  and  then  the  apparatus,  having  been  suitably  attached 
to  an  air-pump,  a  vacuum  is  produced  in  the  interior. 
This  having  been  done,  the  tube  is  sealed  by  the 
blow-pipe  at  the  narrow  part.  On  immersing  this  appa- 
ratus in  hot  water,  or  on  bringing  near  it  some  hot 
charcoal,  the  thermometer  is  at  once  seen  to  rise. 
This  could  only  be  due  to  radiation  through  the 
vacuum  in  the  interior,  for  glass  is  so  bad  a  con- 
ductor, that  the  heat  could  not  travel  with  this  rapidity 
through  the  sides  of  the  flask,  and  the  stem  of  the 
thermometer. 

2IO.    Causes  which  modify  the    intensity  of 
radiant  heat.— The  intensity  Of  radiant  heat  trans- 
mitted to  us  by  heated  bodies  depends  on  the  tempe- 
p.;,  ,  ,        rature  of  the  source  of  heat,  and  on  its  distance. 
'°'  ''''       The  laws  by  which  it  is  regulated  may  be  thus  stated  : 

I.  Theintensity  of  radiant  heat  is  proportional  to  the  temperature  . 
of  the  source. 

I I.  The  intensity  of  radiant  heat  is  inversely  as  the  square  oftlie 

distance.  .  . 

The  first  law  is  demonstrated  by  placing  a  metal  box  contammg 
water  at  io°,  20°,  or  30°,  successively  at  equal  distances  from  the 
bulb  of  a  differential  thermometer.  The  temperatures  mdicated  by 
the  latter  are  then  found  to  be  in  the  same  ratio  as  those  of  the  box  : 
for  instance,  if  the  temperature  of  that  correspondmg  to  the  box  af 
10°  be  2°,  those  of  the  others  will  be  4°  and  6°  respectively. 

The  second  law  is  demonstrated  experimentally  by  placmg  the 
differential  thermometer  at  a  certain  distance  from  the  source  of 
heat  a  yard  for  distance,  and  then  removing  it  to  double  the 
distance  In  the  latter  case,  the  amount  of  heat  received  is  not 
one-half  but  one-quarter.  If  the  distance  be  three  yards  the  quan- 
tity of  heat  is  one-ninth,  and  so  forth. 

-.11  interchange  of  heat  amongr  all  bodies.-Ow.ng  to  the 
radiation  which  is  continually  taking  place  in  all  directions  round  a 
body,  there  is  a  continual  interchange  of  heat.  If  the  bodies  are  all 
at  the  same  temperature,  each  one  sends  to  the  surrounding  ones  a 
quantity  equal  to  that  which  it  receives,  and  their  temperatures 
remain  stationary.  But  if  their  temperatures  are  unequal,  as  he 
hot  bodies  emit  more  heat  than  they  receive,  they  therefore  sink  in 
temperature  ;  while,  as  the  bodies  of  lower  temperatures  receive 
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more  heat  than  they  emit,  their  temperature  rises  ;  thus  the  tempera- 
tures are  all  ultimately  equal.  The  radiation  does  not  stop  ;  it  goes 
on,  but  without  loss  or  gain  from  each  body,  and  this  condition  is 
accordingly  known  as  the  mobile  equilibrium  of  temperature. 

From  what  has  been  said  it  will  be  understood,  that  bodies, 
placed  in  our  rooms,  all  tend  to  assume  a  uniform  temperature  ; 
generally  speaking  this  is  not  the  case,  for  many  causes  concur  in 
coolmg  one  set,  and  in  heating  the  others.  Thus  bodies,  placed 
near  a  wall,  cooled  by  the  outer  air,  find  a  cause  for  cooling.  Those, 
on  the  contrary,  which  are  at  the  top  of  the  room,  tend  to  acquire  a 
higher  temperature  ;  for  as  heated  air  rises  as  being  less  dense, 
the  layers  nearest  the  ceiling  are  always  hotter  than  the  lower  ones. 

From  this  continual  interchange  of  heat,  there  is  necessarily  a 
limit  to  the  cooling  of  bodies,  for  they  always  tend  to  resume,  on 
the  one  hand,  what  they  lose  on  the  other.  To  have  an  indefinite 
cooling,  a  body  should  be  suspended  in  space,  not  receiving  heat 
from  any  body.  As  it  would  then  lose  heat  without  acquiring  any, 
there  is  no  telling  to  what  extent  its  temperature  would  sink. 


CHAPTER  III. 


REFLECTION  OF  HEAT.     REFLECTING,  ABSORBING,  AND 
EMISSIVE  POWERS. 

212.  law  of  the  reflection  of  heat.— When  the  heat  rays 
emitted  by  a  source  of  heat  fall  upon  the  surface  of  a  body,  they 
are  divided  generally  into  two  parts  ;  one,  which,  passing  into  the 
mass  of  a  body  is,  absorbed  and  raises  the  temperature  ;  the  other 
which  darts  off  from  the  surface  like  an  elastic  ball  striking  a-ainst 
a  hard  body  ;  this  is  expressed  by  saying  that  these  ray'^s  are 
reflected.  Thus  let  A  be  the  source  of  heat,  a  cubical  box  filled 
with  hot  water  (fig.  192),  and  near  it  a  screen  which  does  not  allow 
heat  to  pass,  but  near  the  bottom  of  which  is  an  aperture  If 
behmd  this  screen,  a  polished  surface  be  placed,  on  which  the  rays 
emitted  by  the  cube  impinge,  and  beyond  this  again  a  diff-erential 
thermometer,  the  latter  indicates  an  increase  of  temperature  when 
one  of  Its  bulbs  is  so  placed  that  it  receives  the  rays  reflected  bv 
the  polished  body.    In  this  experiment,  rays  like  AB  which  fall  on 
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the  reflecting  surface  are  called  incideni  rays,  Irom  a  Latin  word 
which  signifies  to  fall  ;  and  the  angle  of  incidence  is  not  the  angle 
which  they  make  with  the  reflecting  surface,  but  the  angle  ABC, 
which  they  make  with  a  straight  line,  BC,  perpendicular  to  this 
surface  In  like  manner  the  angle  CBD,  which  the  reflected  rays 
make  with  the  same  straight  line,  is  called  the  angle  of  reflection. 


Fig.  192. 


The  reflection  of  heat  is  always  subject  to  the  law,  that  the  angle 
of  reflection  is  equal  to  the  angle  of  incidence.    We  shall  subse- 
quently see  that  the  reflection  of  light  is  governed  by  the  same  aw_ 
21     Reflection  of  heat  from  concave  mirrors.—  1  he  ettects  01 
the  reflection  of  heat  may  be  very  powerful  when  it  tak-es  place  from 
the  surface  of  concave  mirrors,  which  are  spherical  surfaces  of  glass 
or  of  metal.    These  mirrors  may  be  regarded  as  being  made  up  of 
an  infinite  number  of  extremely  small  planes  inclined  towards  each 
other  in  such  a  manner  as  to  determine  the  curvature.    From  the 
^rmmetrical  grouping  of  these  small  f-ets  it  foUows  that  .^.en  a 
group  of  rays  falls  upon  a  concave  miiTor,  these  rays,  in  obedience 
to  the  laws  of  reflection,  coincide  in  a  single  pomt,  to  whicl.  the 
name  focus  (from  the  Latin  word  for  a  hearth)  is  app  led,  to  ex- 
press the  great  quantity  of  heat  which  is  concentrated  there  (16^. 
^    In  treating  of  light  we  shall  discuss  in  detail  the  properties  of  the 
focus  of  concLe  mlrors  ;  for  the  present  it  will  be  svifllcient  o  de- 

c  ibe  e.Kperiments  which  demonstrate  the  great  intensif  whiA 
!.r.nt  heat  may  acquire  when  concentrated  in  these  points.  Fig. 

ofrepre  entT  an  experiment  which  is  frequently  made  in  physical 
leauref  Two  reflectors,  A  and  B  (fig.  X93),  are  -ang^d  at  a  dis 
tance  of  4  to  5  yards,  and  so  that  their  axes  coincide.    In  the  focus 
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of  one  of  them,  A,  is  placed  a  small  basket  containing  a  red-hot 
iron  ball.  In  the  focus  of  the  other,  B,  is  placed  an  inflammable 
body,  such  as  gun-cotton,  or  phosphorus.  The  rays  emitted  from 
the  focus,  «,  are  first  reflected  from  the  mirror,  A,  in  a  direction 
parallel  to  the  axis  ;  and  impinging  on  the  other  mirror,  B,  are 
reflected  so  that  they  coincide  in  the  focus,  m.  That  this  is  so,  is 
proved  by  the  fact  that  the  inflammable  substance  placed  in  this 
point  takes  fire,  which  is  not  the  case  if  it  is  above  or  below  it. 


F!g.  193. 


The  same  effect  may  be  produced  by  the  sun's  rays.  For  this 
purpose  a  concave  reflector  is  so  placed  that  the  sun's  rays  strike 
directly  against  it  (fig.  194)  ;  if  then  a  combustible  substance, 
such  as  paper,  wood,  cork,  etc.,  be  held  by  means  of  a  pincette  in 
the  focus,  these  bodies  are  seen  to  take  fire.  The  efffect  produced 
depends  on  the  magnitude  of  the  mirror.  With  a  mirror  havin- 
an  aperture  of  6  feet,  that  is,  the  distance  from  one  edge  to  the 
other,  copper  and  silver  are  soon  melted  ;  and  silicious  stones  and 
nmts  have  been  softened  and  even  melted. 

In  consequence  of  the  high  temperatures  produced  in  the  foci  of 
concave  mirrors  and  of  the  facility  with  which  combustible  bodies 
may  be  ignited  there,  they  have  been  called  burninir  mirrors 
It  is  stated  that  Archimedes  burnt  the  Roman  vessels  before  Syra- 
cuse by  means  of  such  mirrors.    Buffon  constructed  burning 
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mirrors  of  such  power  as  to  prove  that  the  feat  attributed  to  Archi- 
medes was  possible.  The  mirrors  were  made  of  a  number  of  silvered 
plane  mirrors  each  about  8  inches  long  by  5  broad.  They  could  be 
turned  independently  of  each  other  in  such  a  -annerthat  the  rays 
reflected  from  each  coincided  in  the  same  point.  Wuh  128  such 
mirrors  and  a  hot  summer's  sun  Buffon  ign.ted  a  plank  of  taired 
wood  at  a  distance  of  70  yards. 


Fig.  194- 

P-^^^;"^Vftert4s  a^^°rb^^ -fleeted,  vary  in  different  sub- 
quantities  of  h  a  thus  ab  ^^^^  ^^^^^^^  ^^^^^^  ^^^^.^^  ^ 

'''"S  'brsav  ng  Aat  they  have  a  great  reflecting po^er  ;  others, 
pressed  ^'        J  ^eat,  but  absorb  a  great  deal, 

z^xs:^  of  L 
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In  order  to  compare  the  reflecting  powers  of  various  substances, 
Leslie  took  as  a  source  of  heat  a  tin  plate  cube  full  of  boiling  water, 
which  he  placed  in  front  of  a  concave  mirror  (fig.  195).  The  rays 
emitted  from  this  towards  the  reflector  tended  after  reflection  to 
become  concentrated  at  the  focus  F.  In  front  of  this  were  placed 
successively  small  square  plates  of  paper,  glass,  metal,  in  short,  of 
all  the  substances  whose  reflecting  power  was  to  be  examined.  As 
shown  in  the  drawing,  these  rays  after  a  first  reflection  from  the 
mirror,  were  reflected  a  second  time  from  these  plates,  and  finally 
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Fig.  195- 

impinged  against  the  bulb  of  a  diff"erential  thermometer.  Now, 
in  this  experiment  the  source  of  heat  was  the  same,  as  was  also  the 
distance  from  the  reflector  ;  yet  the  thermometer  indicated  very 
various  degrees  of  heat  according  to  the  material  of  which  the 
small  plates  were  formed.  The  temperature  was  highest  when  the 
plate  was  made  of  polished  brass,  which  metal  is  therefore  the  best 
reflector.  The  reflecting  power  of  silver  is  only  that  of  brass  ;  that 
of  tin /j;  of  glass  Water  and  lampblack  were  found  to  be  de- 
stitute of  reflecting  power,  for  when  the  plates  were  coated  with 
lamplDlack,  or  moistened  with  water,  the  thermometer  indicated  no 
increase  in  temperature,  showing  that  it  received  no  heat. 

215.  Absorbing-  power. — In  order  to  compare  the  absorbent 
powers  of  various  substances,  Leslie  arranged  the  experiment  as 
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shown  in  fig.  196.  The  source  of  heat  and  the  reflector  being  the 
same  as  in  the  preceding  experiment,  the  differential  thermometer 
was  placed  in  the  focus,  where  it  received  directly  all  the  heat  re- 
flected by  the  mirror.  The  surface  of  the  focal  bulb  was  altered 
for  each  experiment  by  coating  it  successively  with  various  ma- 
terials, paper,  tinfoil,  gold,  silver,  copper,  and  leadfoil  ;  it  was  also 
coated  with  a  thin  layer  of  lampblack  ;  it  was  moistened,  and  so 
on.  It  was  thus  found  that  when  the  focal  bulb  was  coated  with 
lampblack,  or  with  water,  the  thermometer  indicated  the  highest 
temperatures  ;  whence  it  was  concluded  that  lampblack  and  water 


Fig.  196- 

have  the  greatest  absorbing  power.  The  lowest  temperature  was 
exhibi  ed  Ihen  the  bulb  was  coated  with  thm  n->etal  fod,  mo.e 
especially  with  silver  ;  thus  indicating  that  these  substances  abso  b 
tl  eleSt  proportion  of  the  heat  which  is  of  the  temperature  of  bo:hng 
water  2^8)  The  result  was  arrived  at,  which  cotdd  n.deed  be  fore- 
men thatlse  bodies  which  best  reflect  heat  absorb  U  ea  t , 
that  conversely,  the  best  absorbents  are  the  worst  1  eflecto.  s. 

ai6  Tm  ssi^e  power.-The  cutissivc  or  radiatru^  power  ,s 
the"rop!rT;  bodies  have  of  emitting  more  or  less  eas.ly  the  heat 
thPv  contain  •  it  is  the  inverse  of  the  absorbmg  power. 
'"I   1    compared  the  emissive  powers  of  various  bodies  by  means 
of  the  apparatus  represented  in  fig.  196.    The  focal  bulb  of  the 
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thermometer  w^s  left  uncoated,  and  the  various  substances  were 
apphed  successively  to  the  sides  of  the  tin  cube.  One  of  them,  for 
instance,  was  left  in  its  ordinary  condition  ;  the  second  was  coated 
with  lampblack  ;  to  the  third  a  sheet  of  white  paper  was  fixed,  and 
to  the  fourth  a  glass  plate. 

Turning  first  of  all  the  blackened  face  towards  the  reflector,  the 
thermometer  indicated  a  considerable  increase  of  temperature,  thus 
showing  that  the  cube  sent  much  heat  towards  the  reflector.  Turning 
then  successively  the  other  faces  towards  the  reflector,  it  was  found 
that  the  paper  side  emitted  less  heat  than  the  blackened  face,  but 
more  than  the  glass  side,  which  in  turn  emitted  more  than  the 
tin  side. 

Working  in  this  manner,  Leslie  found  that  lampblack  has  the 
greatest  emissive  power,  then  paper,  then  ordinary  glass,  then  the 
metals.  The  order  of  their  emissive  powers  is  thus  the  same  as 
that  of  their  absorbing  powers.  It  is  thus  concluded  that  bodies 
which  best  absorb  heat,  also  radiate  best;  and  Diilong  'and  Petit 
have  proved  that  for  each  substance  the  emissive  power  is  in  all 
cases  proportional  to  the  absorbing  power. 

217.  Causes  wbicb  modify  the  reflecting-!  absorbing-,  and 
radiating  powers. — As  the  radiating  and  absorbing  powers  are 
equal,  any  cause  which  affects  the  one  affects  the  other  also.  And  as 
the  reflecting  power  varies  in  an  inverse  manner,  whatever  increases 
it  diminishes  the  radiating  and  absorbing  powers,  and  vice  versa. 

It  has  been  already  stated  that  these  different  powers  vary  with 
different  bodies,  and  that  metals  have  the  greatest  reflecting  power, 
and  lampblack  the  feeblest.  In  the  same  body  these  powers  are 
modified  by  the  degree  of  polish,  the  density,  the  thickness  of  the 
radiating  substance,  the  oblic^uity  of  the  incident  or  emitted  rays, 
and,  lastly,  by  the  nature  of  the  source  of  heat. 

It  has  been  usually  assumed  that  the  reflecting  power  increases 
with  the  polish  of  the  surface,  and  that  the  other  powers  diminish 
therewith.  But  Melloni  showed,  that  by  scratching  a  polished 
metallic  surface  its  reflecting  power  was  sometimes  diminished  and 
sometimes  increased.  This  phenomenon  he  attributed  to  the 
greater  or  less  density  of  the  reflecting  surface.  If  the  plate  had 
been  originally  hammered,  its  homogeneity  would  be  destroyed  by 
this  process,  the  molecules  would  be  closer  together  on  the  surface 
than  in  the  interior,  and  the  reflecting  power  would  be  increased. 
But  if  the  surface  is  scratched  the  internal  and  less  dense  mass 
becomes  exposed,  and  the  reflecting  power  diminished.    On  the 
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contrary,  in  a  plate  which  has  not  been  hammered  and  which  is 
homogeneous,  tlie  reflecting  power  is  increased  when  the  plate  is 
scratched,  because  the  density  at  the  surface  is  increased  by  the 
scratches. 

The  absorbing  power  varies  with  the  inclination  of  the  incident 
rays.  It  is  greatest  at  right  angles  ;  and  it  diminishes  in  propor- 
tion as  the  incident  rays  deviate  from  the  perpendicular  direction. 
This  is  one  of  the  reasons  why  we  receive  more  heat  from  the  sun 
in  summer  than  in  winter  ;  because,  in  the  former  case,  the  solar 
rays  are  less  oblique. 

The  radiating  power  of  gaseous  bodies  in  a  state  of  combustion 
is  very  weak,  as  is  seen  by  bringing  the  bulb  of  a  thermometer  near 
a  hydrogen  flame,  the  temperature  of  which  is  very  high.  But  if 
a  platinum  spiral  be  placed  in  this  flame,  it  assumes  the  tempera- 
ture of  the  flame,  and  radiates  a  considerable  quantity  of  heat,  as 
is  indicated  by  the  thermometer.  It  is  for  a  similar  reason  that 
the  flames  of  oil  and  of  gas  lamps  radiate  more  than  a  hydrogen 
flame,  in  consequence  of  the  excess  of  carbon  which  they  contain,  and 
which,  not  being  entirely  burned,  becomes  white-hot  in  the  flame. 

The  absorbing  power  of  a  body  is  also  influenced  by  the  nature 
bf  the  source  of  heat.  Thus,  for  the  same  quantity  of  heat  emitted, 
a  surface  coated  with  white  lead  absorbs  twice  as  much,  if  the  heat 
comes  from  a  cube  filled  with  hot  water,  as  it  does  if  the  heat  is 
that  of  a  lamp.  Lampblack,  on  the  contrary,  under  the  same  con- 
ditions, absorbs  the  same  amount  of  heat  whatever  be  the  source. 

218.  Different  kinds  of  heat.  DiatUermaneity.— Just  as 
different  substances  possess  the  power  of  allowing  the  rays  of 
light  to  pass  through  them  to  different  extents,  and  are  said  to  be 
more  or  less  transparent  (306),  so  also  modern  investigation  has 
shown  that  all  bodies  do  not  allow  the  rays  of  heat  to  traverse 
them  with  equal  facility,  and  are  therefore  said  to  be  more  or  less 
diathermanous.  Thus  the  metals  are  just  as  adiatherimmous  for 
heat  rays  as  they  are  opaque  for  the  rays  of  light.  On  the  other 
hand  rock  salt  stands  in  the  same  relation  to  heat  rays  that  a 
perfectly  colourless  and  transparent  body,  such  as  glass,  does  to 
luminous  rays.    It  is  perfectly  diathermanous. 

One  and  the  same  substance  may  be  diathermanous  to  varymg 
extents  for  heat  from  different  sources.  Thus  colourless  glass 
allows  the  sun's  rays  to  pass  through  it  with  facility,  but  less  so  the 
heat  emitted  by  a  flame,  or  by  an  incandescent  body,  and  far  less 
again  the  heat  of  a  cube  filled  with  boiling  water,  which  is  known 
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as  a  Uslie's  cube  (214).  Water  allows  the  sun's  rays  to  traverse 
it  partially,  but  stops  the  obscure  heat.  Again,  alum  is  colourless 
and  transparent  for  light,  but  almost  entirely  diathermanous  for 
obscure  rays. 

A  body  which  is  opaque  for  light  may  be  diathermanous  for 
certain  kinds  of  heat.  Thus,  a  solution  of  iodine  in  bisulphide  of 
carbon  is  perfectly  opaque  for  the  rays  of  light,  but  is  traversed 
by  obscure  heat  rays  with  facility. 

In  investigating  the  diathermaneity  of  bodies,  Melloni  used  the 
thermo-multiplier,  for  a  description  of  which  we  must  refer  to  Book 
VIII.  Chapter  xiii.  He  first  of  all  placed  the  thermo-mukiplier  at 
a  certain  distance  from  a  source  of  heat,  and  having  observed  the 
deflection,  he  determined  to  what  extent  this  was  enfeebled  by  the 
interposition  of  various  bodies,  such  as  plates  of  glass,  alum,  and 
rock  salt.  In  like  manner  he  used  various  sources  of  heat — for 
instance,  the  sun,  an  oil  or  spirit  lamp,  an  ignited  spiral  of  platinum 
wire,  a  heated  blackened  metal  plate,  or  a  Leslie's  cube  ;  and  he 
concluded  that  there  are  different  kinds  of  heat  rays  or  different 
colours  of  heat,  with  regard  to  which  various  diathermanous  sub- 
stances behave  just  as  coloured  transparent  substances  do  in 
regard  to  different  kinds  of  light.  Thus  when  white  light  traverses 
red  glass,  only  the  red  rays  are  transmitted,  all  other  kinds 
being  absorbed.  If  this  red  light  falls  on  another  red  glass  it 
traverses  it  without  enfeeblement  ;  but  is  completely  absorbed 
by  blue  glass.  Similar  results  are  met  with  in  regard  to  the  rays  of 
heat  ;  for  instance,  heat,  which  has  passed  through  a  glass  plate, 
would  traverse  another  plate  without  much  loss  ;  but  would  be 
almost  completely  stopped  by  a  plate  of  alum. 

219.  Applications. — The  property  which  bodies  possess  of  ab- 
sorbing, emitting,  and  reflecting  heat,  meets  with  numerous  appli- 
cations in  domestic  economy  and  in  the  arts.  Leslie  stated  that 
white  bodies  reflect  heat  very  well,  and  absorb  very  little,  and  that 
the  contrary  is  the  case  with  black  substances.  This  principle  is 
not  universally  true,  as  Leslie  supposed  ;  for  example,  white  lead 
has  as  great  an  absorbing  power  for  non-ltmiinous  rays  as  lamp- 
black. But  it  holds  good  in  regard  to  absorbents  like  cloth,  cotton, 
wool,  and  other  organic  substances  when  exposed  to  luminous  heat, 
such  as  that  of  the  sun's  rays.  Accordingly,  the  most  suitable 
coloured  clothing  for  summer  is  just  that  which  experience  has 
taught  us  to  use,  namely,  whitC;  for  it  absorbs  less  of  the  sun's 
rays  than  black  clothing,  and  hence  feels  cooler. 
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The  polished  fire-irons  before  a  fire  are  cool,  whilst  the  black 
fender  is  often  unbearably  hot.  If  a  liquid  is  to  be  kept  hot  as 
long  as  possible,  it  must  be  placed  in  a  brightly-polished  metallic 
vessel,  for  then,  the  emissive  power  being  less,  the  cooling  is  slower. 
It  is  for  this  reason  advantageous  that  the  steam  pipes,  etc.,  of 
locomotives  should  be  kept  brightly  polished. 

Snow  is  a  powerful  reflector,  and,  therefore,  neither  absorbs  nor 
emits  much  heat  ;  owing  to  its  small  emissive  power  it  protects 
from  cold  the  ground  and  the  plants  which  it  covers  ;  and  owing 
to  its  small  absorbing  power  it  melts  but  slowly  during  a  thaw.  A 
branch  of  a  tree,  a  bar  of  metal,  a  stone  in  the  midst  of  a  mass  of 
snow,  accelerate  the  fusion  by  the  heat  they  absorb,  and  which 
they  radiate  about  them. 

In  the  Alps  the  mountaineers  accelerate  the  fusion  of  the  snow 
by  covering  it  with  earth,  which  increases  the  absorbing  power. 

Metal  and  other  cooking  vessels  should  be  black  and  rough  on 
the  outside,  for  then  their  absorbing  power  is  greater  and  they 
become  heated  more  rapidly.  If  their  surface  be  bright  and 
poHshed  a  greater  quantity  of  fuel  is  required  to  heat  them.  This 
is  what  is  seen  in  vessels  of  silver  and  of  white  porcelain.  In 
common  unglazed  earthenware,  liquids  are  more  rapidly  heated, 
but  also  more  rapidly  cooled. 

It  is  observed  that  the  ripening  of  grapes  and  other  fruits  is  ac- 
celerated when  they  are  placed  in  contact  with  a  black  wall  (mortar 
mixed  with  lampblack).  This  arises  from  the  fact,  that  from  the 
great  emissive  power  of  the  wall  as  well  as  from  its  great  absorbing 
power,  it  becomes  more  highly  heated  under  the  influence  of  the 
sun,  and  gives  up  more  to  the  fruit. 

Glass  is  used  for  fire-screens,  for,  while  it  allows  the  cheerful 
light  of  the  fire  to  pass,  it  stops  most  of  the  heat  from  this  source. 
It  is,  however,  very  transparent  for  the  heat  of  the  sun,  allowing 
almost  all  its  light  and  heat  to  pass. 

In  gardens,  the  use  of  glass  shades  and  of  greenhouses  depends 
partly  on  the  diathermancy  of  glass  for  heat  from  luminous  rays, 
and  partly  on  its  athermancy  for  obscure  heat.  The  heat  which 
radiates  from  the  sun  is  mainly  of  the  former  class,  but  by  its 
contact  with  the  earth  it  is  changed  into  obscure  heat,  which  as 
such  cannot  retraverse  the  glass.  This  explains  the  manner  in 
which  greenhouses  accumulate  heat,  and  also  the  great  wàrmth  in 
summer  of  rooms  with  glass  roofs. 
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CHAPTER  IV. 

CONDUCTING  POWER  OF  BODIES. 

220.  Conducting-  power  of  solids. —  In  the  phenomena  of 
radiation  which  have  been  considered,  heat  is  transmitted  from 
one  body  to  another  through  space,  without  raising  the  tempera- 
ture of  the  medium  through  which  it  passes.  It  may  also  be 
propagated  through  the  mass  of  a  body  from  molecule  to  molecule. 
This  internal  propagation  in  the  mass  of  a  body  is  called  coiubtc- 
tivity,  or  conducting  power  ;  and  good  conductors  are  those  bodies 
which  readily'  transmit  heat  in  their  mass,  while  those  through 
which  it  passes  with  difficulty  are  called  bad  conductors. 


Fig.  197. 


Organic  substances  conduct  heat  badly.  De  la  Rive  and  De 
Candolle  have  shown  that  woods  conduct  better  in  the  direction  of 
their  fibres  than  in  a  transverse  direction  ;  and  have  remarked  upon 
the  influence  which  this  feeble  conducting  power,  in  a  transverse 
direction,  exerts  in  preserving  a  tree  from  sudden  changes  of  tem- 
perature, enabling  it  to  resist  alike  a  sudden  abstraction  of  heat 
from  within,  and  the  sudden  accession  of  heat  from  without.  Tyndall 
has  also  shown  that  this  tendency  is  aided  by  the  low  conducting 
power  of  the  bark,  which  is  in  all  cases  less  than  that  of  the  wood. 

Cotton,  wool,  straw,  bran,  powdered  gypsum,  etc.,  are  all  bad 
conductors. 
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In  order  to  compare  the  conducting  power  or  coiiductivity  dif- 
ferent solids,  Ingenhaus  constructed  the  apparatus  which  bears  his 
name,  and  which  is  represented  in  fig.  197.  It  is  a  metal  trough,  in 
which,  by  means  of  tubulures  and  corks,  are  fixed  rods  of  the  same 
dimensions,  but  of  different  materials  ;  for  instance,  iron,  copper, 
wood,  glass.  These  rods  extend  to  a  slight  distance  in  the  trough, 
and  the  parts  outside  are  coated  with  wax,  which  melts  at  61°. 
The  box  being  filled  with  boiling  water,  it  is  observed  that  the  wax 
melts  to  a  certain  distance  on  the  metal  rods,  while  on  the 
others  there  is  no  trace  of  fusion.  The  conducting  power  is  evidently 
greater  in  proportion  as  the  wax  has  fused  to  a  greater  distance. 
The  experiment  is  sometimes  modified  by  attaching  glass  balls  or 
marbles  to  the  ends  of  the  rods  by  means  of  wax.  As  the  wax 
melts,  the  balls  drop  off,  and  this  in  the  order  of  their  respective  con- 
ductivities. By  these  and  other  experiments  it  has  been  ascer- 
tained that  metals  are  the  best  conductors,  then  marble,  porcelain 
brick,  wood,  glass,  etc. 


Fig.  19S. 

221.  Conducting  power  of  liquids.  Manner  in  which  they 
are  heated.— Liquids,  with  the  exception  of  mercury,  which  is  a 
metal,  are  all  bad  conductors  of  heat.  They  conduct  so  imperfectly 
that  Rumford  assumed  water  to  be  entirely  destitute  of  conducting 
power.  But  the  fact  that  water,  as  well  as  other  liquids,  does 
conduct  heat,  though  only  to  a  small  extent,  has  been  estabhshed 
by  the  most  careful  and  accurate  experiments. 

From  their  small  conducting  power,  liquids  are  not  heated  in  the 
same  manner  as  solids.  If  heat  be  applied  to  a  solid,  whether  on 
the  top,  the  bottom,  or  the  sides,  it  is  transmitted  from  layer  to 
layer,  and  the  whole  mass  becomes  heated.    This  is  not  the  case 
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with  a  liquid  ;  if  it  is  heated  at  the  top,  the  heat  is  only  propagated 
with  extreme  slowness,  and  it  cannot  be  completely  heated  through- 
out ;  indeed,  if  the  experiment  be  made  as  represented  in  figure  198, 
the  top  layer  of  water  may  be  heated  to  boiling,  while  at  no  great 
distance  there  is  no  appreciable  increase  of  temperature.  But  if  it 
be  heated  at  the  bottom,  the  temperature  of  the  liquid  rapidly  rises. 
This,  however,  is  not  owing  to  its  conductivity,  but  to  ascending 
and'descending  currents,  which  are  produced  throughout  the  whole 
mass  c)f  liquid. 

The  existence  of  these  currents  maybe  demonstrated  by  placing 
in  the  water  a  powder  of  nearly  the  same  density,  for  instance,  oak 
sawdust,  and  then  gently  heating  the  vessel  at  the  bottom,  fig.  199. 
As  the  lower  layers  of  the  liquid  become  heated  they  expand^ 
while  the  upper  layers,  which 
are  colder  and  therefore  denser, 
sink  and  take  the  place  of  the 
first  ;  these  in  their  turn  become 
heated,  rise,  and  so  on,  until  the 
entire  mass  is  heated.  These 
currents  are  evident  from  the 
sawdust  which  is  seen  to  rise 
slowly  in  the  centre,  and  to 
re-descend  near  the  edges.  This 
mode  of  heating  is  said  to  be 
by  convection. 

222.  Conductivity  of  §^ases. 
— Gases  are  extremely  bad  con- 
ductors of  heat  ;  but  this  can- 
not be  easily  demonstrated  by        "-^^r^  -  j^: 
experiment,  owing  to   the  ex-  '  pjg 
treme  mobility  of  their  particles. 

For,  so  soon  as  they  are  heated  in  any  part  of  their  mass,  expan- 
sions and  currents  are  produced,  in  virtue  of  which  the  heated  parts 
mingle  with  the  cold  ones  ;  hence  a  general  elevation  of  tempera- 
ture, which  we  might  be  tempted  to  consider  as  due  to  conduc- 
tivity. When,  however,  gases  are  hindered  in  their  motion,  their 
conductivity  seems  extremely  small,  as  the .  following  examples 
show. 

223.  A.ppiications. — The  greater  or  less  conductivity  of  bodies 
meet  with  numerous  applications.  If  a  liquid  is  to  be  kept  warm 
for  a  long  time,  it  is  placed  in  a  vessel  and  packed  round  with  non- 
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conducting  substances,  such  as  shavings,  straw,  bruised  charcoal. 
For  this  purpose  water  pipes  and  pumps  are  wrapped  in  straw  at 
the  approach  of  frost.  The  same  means  are  used  to  hinder  a  body 
from  becoming  heated.  Ice  is  transported  in  summer  by  packing 
it  in  bran,  or  by  folding  it  in  flannel. 

Double  walls  constructed  of  thick  planks  having  between  them 
any  finely  divided  materials  such  as  shavings,  sawdust,  dry  leaves, 
etc.,  retain  heat  extremely  well  ;  they  are  likewise  advantageous  in 
hot  countries,  for  they  prevent  its  access.  If  a  layer  of  asbestos, 
a  very  fibrous  substance,  is  placed  on  the  hand,  a  red-hot  iron  ball 
can  be  held  without  inconvenience.  Red-hot  cannon  balls  can  be 
wheeled  to  the  gun's  mouth  in  wooden  barrows  partially  filled  with 
sand.  Lava  has  been  known  to  flow  over  a  layer  of  ashes  under- 
neath which  was  a  bed  of  ice,  and  the  non-conducting  power  of  the 
ashes  has  prevented  the  ice  from  fusion.  A  covering  of  snow  protects 
seed  and  young  grain  from  frost.  In  fireproof  safes  the  hollow  sides 
are  filled  with  wood  ashes,  or  powdered  gypsum,  or  ignited  alum. 

The  clothes  which  we  wear  are  not  warm  in  themselves  ;  they 
only  hinder  the  body  from  losing  heat,  in  consequence  of  their 
spongy  texture  and  the  air  they  enclose.  The  warmth  of  bed-covers 
and  of  counterpanes  is  explained  in  a  similar  manner.  Double 
windows  are  frequently  used  in  cold  climates  to  keep  a  room  warm 
—they  do  this  by  the  non-conducting  layer  of  air  interposed  between 
them.'  It  is  for  the  same  reason  that  two  shirts  are  warmer  than 
one  of  the  same  material,  but  of  double  the  thickness.  Hence,  too, 
the  warmth  of  furs,  eider  down,  etc. 

That  water  boils  more  rapidly  in  a  metallic  vessel  than  in  one  oi 
porcelain  of  the  same  thickness  ;  that  a  burning  piece  of  wood  can 
be  held  close  to  the  burning  part  with  the  naked  hand,  while  a 
piece  of  iron  heated  at  one  end  can  only  be  held  at  a  great  distance, 
are  easily  explained  by  reference  to  their  various  conductivities. 

The  sensation  of  heat  or  cold  which  we  feel  when  in  contact 
with  certain  bodies  is  materially  influenced  by  their  conductivity.  If 
their  temperature  is  lower  than  ours,  they  appear  colder  than  they 
really  are,  because,  from  their  conductivity,  heat  passes  away  from 
us  If  on  the  contrary,  their  temperature  is  higher  than  that  of 
our  body  they  appear  warmer  from  the  heat  which  they  give  up  at 
different  'parts  of  their  mass.  Hence  it  is  clear  why  carpets,  for 
example,  are  warmer  than  wooden  floors,  and  why  the  latter  agam 
are  warmer  than  stone  floors. 
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CHAPTER  V. 

MEASUREMENT    OF    THE  EXPANSION   OF   SOLIDS,  LIQUIDS,  AND 

GASES. 

224.  Expansion  of  solids. — The  expansion  of  bodies  by  heat 
being  a  general  effect  which  exerts  its  influence  on  all  bodies,  and  is 
continually  changing  their  volume,  it  will  be  readily  understood  that 
the  determination  of  the  amount  of  this  expansion  is  a  problem  of 
great  importance,  both  in  its  purely  scientific,  as  well  as  in  its  prac- 
tical aspects.  We  shall  first  describe  the  method  of  determining 
the  expansion  of  solids.  We  have  already  seen  that  the  expansion 
of  solids  may  be  either  as  regards  the  length  or  the  volume. 
Hence  the  investigation  of  the  expansion  of  solids  may  be  divided 
into  two  parts,  the  first  relating  to  linear,  and  the  second  to  cubical 
expansion. 

Linear  expansion.  In  order  to  compare  with  each  other  the 
expansion  of  bodies,  the  elongation  is  taken  which  a  certain  length 
of  the  substance  undergoes  when  it  is  heated  from  zero  to  i  degree, 
and  this  elongation  is  called  the  coefficient  of  linear  expansion.  The 
coefficients  of  a  great  number  of  substances  were  accurately  deter- 
mined towards  the  end  of  the  last  century  by  Lavoisier  and  Laplace. 
They  took  a  bar  of  the  substance  to  be  determined,  placed  it  in  melt- 
ing ice,  and  then  accurately  determined  its  length.  Having  placed  it 
then  in  a  bath  of  boiling  water,  they  again  measured  its  length. 
They  then  observed  an  elongation,  which  represented  the  total 
expansion  between  zero  and  100°,  that  is,  for  an  increase  of  tem- 
perature of  ICQ  degrees.  This,  divided  by  100,  gave  the  coefficient 
of  linear  expansion  for  one  degree.  In  this  manner  the  following 
numbers  were  obtained  : — 


Coefficients  of  linear  expan.sion  for  1°  betivecn  0°  and  100°  C. 

.  0-00000861 
.  0-00000884 


White  glass 
Platinum 
Steel  . 
Iron 
Gold  . 
Copper 


0-00001079 

0-OOOOI220 

0-00001466 
G-OOOOI7I8 


Bronze 
Brass  . 
Silver 
Tin  . 
Lead  . 
Zinc  . 


0-000018 1 67 
o-:ooor8782 
0-000019097 
0-000021730 
0-000028575 
0-000029417 
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It  will  be  seen  from  this  table  that  the  coefficients  of  expansion 
are  in  all  cases  very  small.  Thus,  when  we  say  that  the  coefficient 
of  expansion  of  copper  is  about  0-000017,  we  mean  that  a  rod  of  this 
metal  when  heated  through  i  degree,  will  expand  by  17  millionths 
of  its  length  ;  that  is  to  say,  a  rod  of  copper  a  million  feet  in  length 
would  be  longer  by  17  feet  under  these  circumstances. 

Cubical  expansion.  The  coefficient  of  cubical  expansion  is  the 
increase  in  volume  for  a  temperature  of  one  degree.  Calculation 
shows  that  the  coefficient  of  cubical  expansion  of  a  soUd  is  three 
times  the  coefficient  of  its  linear  expansion  ;  and  these  coefficients 
may  therefore  be  obtained  by  multiplying  the  above  numbers  by 
three. 

225.  Applications  of  the  expansion  of  solids.— In  the  arts 
we  meet  with  numerous  examples  of  the  influence  of  expansion, 
(i.)  The  bars  of  furnaces  must  not  be  fitted  tightly  at  their  extremi- 
ties, but  must,  at  least,  be  free  at  one  end,  otherwise,  in  expanding, 
they  would  exert  sufficient  force  to  split  the  masonry,  (n.)  In 
making  railways  a  small  space  is  left  between  the  successive  rails, 
for  if  they  touched,  the  force  of  expansion  would  cause  them  to 
curve,  or  would  break  the  chairs,  (iii.)  Water  pipes  are  fitted  to 
one  another  by  means  of  telescopic  joints,  which  allow  room  for 
expansion,  (iv.)  If  a  glass  is  heated  or  cooled  too  rapidly  it 
cracks  ;  this  arises  from  the  fact  that  glass  being  a  bad  conductor 
of  heat'  the  sides  become  unequally  heated,  and  consequently  un- 
equally expanded,  and  the  strain  thereby  produced  is  sufficient  to 

cause  a  fracture. 

When  bodies  have  been  heated  to  a  high  temperature,  the  force 
produced  by  their  contraction  on  coohng  is  very  considerable  ;  it 
is  equal  to  the  force  which  is  needed  to  compress  or  expand  the 
material  to  the  same  extent  by  mechanical  means.  According  to 
Barlow  a  bar  of  malleable  iron  a  square  inch  in  section  is  stretched 
-1-  of  its  length  by  a  weight  of  a  ton  ;  the  same  increase  is  ex- 
perienced by  about  9°  C.  At  difference  of  45°  C.  between  the  cold 
of  winter  and  the  heat  of  summer  is  not  unfrequently  experienced 
in  this  country.    In  that  range  a  wrought  iron  bar,  ten  inches  long 

will  vary  in  length  by      of  a"  "^^h-  ^""^  ^'l^  ^^^'^  ^ 
ends  are  securely  fastened,  of  five  tons. 

An  application  of  this  contractile  force  is  seen  in  the  mode  of 
securing  the  tires  on  wheels.    The  tire,  being  made  red  hot  and 
thus  considerably  expanded,  is  placed  on  the  circumference  of  the 
and  then  cooled.    The  tire,  when  cold,  clasps  the  wheel 
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with  such  force  as  not  only  to  secure  itself  on  the  rim,  but  also  to 
press  hoiT'e  the  ends  of  the  spokes  into  the  felloes  and  nave. 
Another  interesting  application  was  made  in  the  case  of  a  gallery 
at  the  Conservatoire  des  Arts  et  Metiers  in  Paris,  the  walls  of  which 
had  began  to  bulge  outwards.  Iron  bars  were  passed  across  the 
building,  and  screwed  into  plates  on  the  outside  of  the  walls.  Each 
alternate  bar  was  then  heated  by  means  of  lamps,  and  when  the 
bar  had  expanded,  it  was  screwed  up.  The  bars,  being  then  allowed 
to  cool,  contracted,  and  in  so  doing  drew  the  walls  together.  The 
same  operation  was  performed  on  the  other  bars. 

22 5^?.  Spiral  tbermometer. — An  interesting  example  of  the 
application  of  the  expansion  of  solids  is  met  with  in  a  form  ot 
maximum  and  minimum  thermometer  de- 
vised by  Herman  and  Pfister.  It  consists 
(fig.  199^)  of  a  strip  of  steel  a  yard  long, 
rather  less  than  half  an  inch  wide,  and 
about  the  twentieth  of  an  inch  thick,  to 
which  is  soldered  a  brass  strip  of  the 
same  dimensions.  It  is  bent  in  a  spiral, 
J,  the  steel  being  outermost.  One  end  is 
fixed  at  a,  the  other  end,  b,  is  free.  At  a 
certain  definite  temperature  this  end  has 
a  certain  position.  If  the  temperature 
rises,  the  brass  expands  more  than  the 
iron,  and  the  free  end  is  moved  towards 
the  left  ;  if  the  temperature  sinks  it  moves 
towards  the  right. 

This  motion  of  the  spiral  is  transmitted 
to  two  indicators,  c  d  and  f g,  on  which 
are  minute  rods,  p  and_§-.  If  the  tempe- 
rature rises,  the  rod  p,  together  with  its 
iiidex  c  is  pushed  fonvard  until  the 
maximum  temperature  is  reached,  and,  as  there  is  a  gentle  friction, 
remains  in  that  position.  If,  on  the  contrary,  the  temperature 
sinks,  the  index  fg'xi.  moved  to  the  right  until  the  lowest  temperature 
is  obtained.  The  instrument  is  graduated  specially  by  comparing 
its  indications  with  the  corresponding  temperatures  shown  by  a. 
mercurial  thermometer. 

226.  Compensation  pendulum. — An  important  application  of 
the  expansion  of  metals  has  been  made  in  the  compensation  pendu- 
lum.   To  understand  the  utility  of  such  an  arrangement,  we  must 
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call  to  mind  what  has  been  said  about  pendulums  (58)  ;  namely,  that 
their  oscillations  are  isochronoiis,  that  is,  are  made  in  equal  times, 
and  that  their  application  to  the  regulation  of  clocks  depends  upon 
this  property.    But  we  have  also  seen  that  the  duration  of  an  oscil- 
lation depends  on  the  length  of  the  pendulum  ;  the 
longer  the  pendulum  the  more  slowly  it  oscillates, 
and,  therefore,  the  shorter  it  is,  the  more  rapidly 
-does  it  oscillate.    Hence  a  pendulum  formed  of  a 
single  rod  terminated  by  a  metal  bob,  c,  as  repre- 
sented in  fig.  53,  could  not  be  an  exact  regulator  ; 
for,  as  the  temperature  rises,  it  would  elongate, 
and  the  clock  would  go  slower  :  the  exact  opposite 
would  take  place  when  it  contracted  by  cooling. 
These   inconveniences  have   been  remedied  by 
taking  the  remedy  from  the  cause  of  the  evil. 
^       For  this  purpose  the  pendulum  rod  consists  of 
several  metal  bars  arranged  as  represented  in  fig. 
200.    The  rods,  a,  b,  c,  d,  are  of  steel,  and  aU  ex- 
pand in  a  downward  direction  when  the  tempera- 
ture rises,  thus  making  the  bob  sink.    The  rod,  d, 
supporting  the  bob  is  fixed  to  a  cross-piece  tun, 
which  in  turn  is  fastened  to  two  rods,  k  and  h, 
which  are  connected  to  the  piece  ro,  and  there- 
fore cannot  expand  downwards,  but  only  in  an 
upward  direction  ;  they  raise  the  piece  viii,  and 
■  with  it  the  bob.     In  order,  therefore,  that  this 
latter  shall  neither  rise  nor  sink,  it  is  necessary  that 
I  the  upward  expansion  of  the  rods,  k  and  //,  shall 
^  exactly  compensate  the  downward  expansion  of  the 

rods,  a,  c,  b,  d. 

Brass  being  more  expansible  than  steel  com- 
pensation is  effected  by  taking  the  first  metal  for 
the  rods  h  and  X',  and  the  second  for  the  rods,  a,  b,  c, 
and  d  The  only  condition  necessary  for  compensation  is  that 
)he  kn<rths  of  the  two  metals  must  be  hiverscly  as  their  coefficients 
of  expansion.  That  is  to  say,  that  if  brass  is  two  or  three  tnnes 
as  expansible  as  steel,  the  sum  of  the  lengths  of  the  brass  rods 
must  be  one-half  or  one-third  that  of  the  steel  rods. 

A  difference  of  the  ^i.  of  an  inch  in  the  length  of  the  pendulum 
would  cause  a  clock  to  vary  ten  seconds  in  twenty-four  hours,  and 
In  alteration  in  temperature  of  14°  C.  would  produce  this  difterence. 
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EXPANSION  OF  LIQUID?. 

227.  Absolute  and  apparent  expansion. — We  have  already 
seen  that  hquids  are  more  expansible  than  solids  (198),  which  is  a 
consequence  of  their  feebler  cohesion  ;  but  their  expansibility  is  far 
less  regular,  and  the  less  so  the  nearer  their  temperature  approaches 
that  of  their  boiling  point. 

In  solids,  two  kinds  of  expansion  have  to  be  considered,  the 
longitudinal  and  the  cubical.  Now  it  is  clear  that  the  latter  is  the 
only  kind  of  expansion  which  can  be  observed  in  the  case  of 
Hquids.  The  expansion  may  be  either  real  or  apparent.  The 
former  is  the  real  increase  in  volume  which  a  liquid  assumes 
when  it  is  heated  ;  while  the  latter  is  that  which  the  eye  actually 
observes,  that  produced  in  the  vessel  containing  the  liquid.  Thus 
in  thermometers,  when  the  liquid  expands  and  rises  in  the  stem,  the 
apparent  expansion  is  observed,  which  is  less  than  the  real  or  abso- 
lute expansion.  For,  while  the  mercury  expands,  the  bulb  of  the 
thermometer  does  so  too  ;  its  volume  is  greater,  and  hence  the 
liquid  does  not  rise  so  high  in  the  stem  as  it  would  if  the  volume 
of  the  bulb  were  unaltered.  If  a  flask  of  thin  glass,  provided  with 
a  capillary  stem,  the  flask  and  part  of  the  stem  being  filled  with 
some  coloured  liquid,  be  immersed  in  hot  water,  the  column  of 
liquid  m  the  stem  at  first  sinks,  but  then  immediately  after  rises 
and  continues  to  do  so  until  the  liquid  inside  has  the  same 
temperature  as  the  hot  water.  The  first  sinking  of  the  liquid  is  not 
due  to  Its  contraction  ;  it  arises  from  the  expansion  of  the  c^lass 
which  becomes  heated  before  the  heat  can  reach  the  liquid"^  bu[ 
the  expansion  of  the  liquid  soon  exceeds  that  of  the  glass  and  the 
hquid  then  ascends.  o      ,  c 

Hence,  since,  whatever  be  the  nature  of  the  material  in  which  a 
liquid  IS  contained,  it  has  some  expansibility,  and  always  expands 
with  the  liquid,  the  apparent  expansion  is  the  only  one  directly  ob- 
served m  liquids. 

The  coefficient  of  expansion  of  a  liquid  is  the  increase  which  a 
given  volume  experiences  for  a  rise  in  temperature  of  one  decree 
These  coefficients  greatly  vary.  In  a  glass  vessel  the  apparent  ex' 
pansion  of  mercury  is  1-5  parts  in  ten  thousands  ;  that  of  water  is 
4-6  parts,  that  is,  three  times  as  great  ;  alcohol  is  still  more  ex 
pansible,  for  its  coefficient  is  u-6  parts  in  ten  thousands,  o, 
little  over  i  part  in  a  thousand. 
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-8  Maximum  density  of  water.-Water  presents  the  re- 
markable phenomenon  that  when  its  temperature  sinks  it  contracts 

up  to  4°  ;  but  from  that  point, 
although  the  cooling  continues, 
it  expands  up  to  the  freezing 
point,  so  that  4°  represent  the 
point  of  greatest  contraction  of 
water,  or  what  is  called  its  point 
of  maximum  density. 

These  phenomena  may  be 
observed  by  comparing  a  water 
thermometer,  one,  that  is  to  say, 
filled  with  water,  with  one  of 
mercury  ;  both  being  exposed 
to  gradually  diminishing  tempe- 
rature. 

Hope  used  the  following 
method  to  determine  the  maxi- 
mum density  of  water.  He  took 
a  deep  vessel  perforated  by  two 
lateral  apertures,  in  which  he 


Fig.  20I. 


fixed  thermometers  (fig.  301),  and  having  «l^-'^  r^f^^ 'livers 
at  0°  he  placed  it  in  a  room  at  a  temperature  of  15  •  As  the  la>  eis 
of  liquid'at  the  sides  of  the  vessel  became  he^f  j^ey  sank  o  he 
bottom  and  the  lower  therrhometer  marked  4  ,  ^vhile  that  of  the 
u^peT  ne  was  still  at  zero.  Hope  then  made  the  --se  -pe"- 
m'ent;  having  filled  the  vessel  with  water  at  ^  5  - 1- I^^^^^^^^^ 
room  at  zero  The  lower  thermometer  having  sunk  to  4  ,  remamea 
sta'on  ry  for  some  time,  while  the  upper  one  cooled  down  until  it 
reached  zero  Both  these  experiments  prove  that  water  is  heavier 
at  4°  han  at  0°,  for  in  both  cases  ,t  sinks  to  the  lower  part  of  the  vessel 

trlioZ  i„l,abi,an,s  of  ,l,e  water,  arc  not  destroyed. 
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EXPANSION  OF  GASES. 

229.  Value  of  the  coefficient  of  expansion  of  grases. — Not 

merely  are  gases  the  most  expansible  of  all  bodies,  but  their  ex- 
pansion is  the  most  regular.  It  was  originally  assumed,  on  the  basis 
of  Gay  Lussac's  experiments,  that  all  gases  expanded  to  the  same 
extent  for  the  same  increase  of  temperature,  that  is,  that  they  had 
all  the  same  coefficient  of  expansion,  It  has,  however,  been 
established  that  the  coefficients  of  various  gases  do  present  slight 
differences.  They  are,  however,  so  slight  that  for  all  practical 
purposes  they  may  be  assumed  to  be  the  same  ;  that  is  to  say,  367 
parts  in  a  hundred  thousand  ;  or,  in  other  words,  that  100,000 
volumes  of  air,  or  any  other  gas,  when  heated  through  i  degree 
Centigrade,  would  become  100,367  volumes  or  i  volume  in  273. 
This  expansibility  is  about  13  times  as  great  as  that  of  water. 

230.  Effects  of  the  expansion  of  g-ases. — The  expansion  of 
gases  affords  us  numerous  important  applications,  not  merely  in 
domestic  economy,  but  also  in  atmospheric  phenomena.  Thus  in 
our  dwellings,  when  the  air  is  heated  and  vitiated  by  the  presence 
of  a  great  number  of  persons,  it  expands 
and  rises  in  virtue  of  its  dimmished 
density  to  the  highest  parts  of  rooms  ; 
and  to  allow  this  to  escape,  apertures  are 
made  in  the  cornice,  while  fresh  and  pure 
air  enters  by  the  joints  of  the  doors  and 
of  the  windows. 

When  in  winter  the  door  of  a  warm 
room  is  put  ajar,  and  a  lighted  candle 
held  near  the  top,  fig.  202,  the  direction 
of  the  flame  proves  the  existence  of  a 
current  of  warm  air  from  the  inside  to  the 
outside.  If  we  lower  the  flame,  it  will 
be  found  that  at  about  the  middle  it  is  not  affected  by  any  air  cur- 
rent, but  that  lower  down,  near  the  ground,  the  flame  is  driven 
inwards. 

In  theatres  the  spectators  in  the  galleries  are  exposed  to  the 
highest  temperature  and  the  most  impure  air,  while  those  near  the 
orchestra  respire  in  a  purer  air. 

Draughts  in  chimneys  are  due  to  the  expansion  of  air.  Heated 
by  the  fire  in  the  grate,  the  air  rises  in  the  chimney  with  a  velocity 
which  is  greater  the  more  it  is  expanded.    Hence  results  a  rapid 
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current  of  air,  which  supports  and  quickens  the  combustion  by 
constantly  renewing  the  oxygen  absorbed. 

The  expansion  and  contraction  of  air  have  a  fortunate  influence 
on  the  temperature  of  that  part  of  the  atmosphere  in  which  we 
live.  For  when  the  ground  is  strongly  heated  by  the  sun's  burning 
rays,  the  layers  of  air  in  immediate  contact  with  it  tend  to  acquire 
the  same  temperature  and  to  form  a  stifling  atmosphere  ;  but  these 
layers,  gradually  expanding,  rise  in  virtue  of  their  diminished  den- 
sity ;  while  the  higher  layfers,  which  are  colder  and  denser,  gradually 
rêplace  them.  Thus  the  high  temperature  which  would  otherwise 
be  produced  in  the  lower  regions  is  moderated,  and  never  exceeds 
the  limits  which  plants  and  animals  can  support. 

The  expansions  and  contractions  produced  in  the  atmosphere 
over  a  large  tract  of  country  are  the  cause  of  all  winds,  from  the 
lightest  zephyr  to  the  most  violent  hurricane.      These  winds, 
which  at  times  are  so  destructive,  so  capricious  in  their  direction, 
and  so  variable  in  their  intensity,  not  merely  have  the  effect  of 
mixing  the  heated  and  the  cooler  part  of  the  atmosphere,  and  of  thus 
moderating  extremes  of  temperature,  but  by  driving  away  the 
vitiated  atmosphere  of  our  towns,  and  replacing  it  by  pure  air, 
they  are  one  of  the  principal  causes  of  salubrity  ;  without  them 
our  cities  would  be  the  centres  of  infection,  where  epidemic  dis- 
eases of  all  kinds  would  be  permanent.    Without  winds,  clouds 
would  remain  motionless  over  the  country  where  they  were  formed, 
neither  rivers  nor  brooks  would  moisten  the  soil,  and  the  greater 
part  of  the  globe  would  be  condemned  to  absolute  dryness.  But, 
carried  by  the  winds,  the  clouds  formed  above  the  seas  are  trans- 
ported to  the  centres  of  continents,  where  they  condense  and  fall 
as  rain  ;  and  this  having  fertilised  the  soil,  gives  rise  to  the  nu- 
merous rivers  which  fall  into  the  ocean,  thus  establishing  a  con- 
tinuous circulation  from  the  seas  towards  the  continents,  and  from 
continents  towards  seas. 

231.  Density  of  gases.— The  densities  of  sohds  and  of  liquids 
have  been  determined  in  reference  to  water  (loi)  ;  those  of  gases 
by  comparison  with  air  ;  that  is,  having  taken  as  a  term  of  com- 
parison, or  unity,  the  weight  of  a  certain  volume  of  air,  the  weights 
of  the  same  volume  of  other  gases  are  determined.  But  as  gases 
are  very  compressible  and  very  expansible,  and  as,  therefore,  their 
densities  may  greatly  vary,  they  must  be  reduced  to  a  definite  pres- 
sure and  temperature.  This  is  wh)'  the  temperature  of  zero  and  the 
pressure  of     inches  have  been  chosen. 
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Hence  the  relative  density  of  a  gas,  or  its  specific  gravity ,  is  the 
relation  of  the  weight  of  a  certain  volume  of  the  gas  to  that  of  the 
same  volume  of  air  ;  both  the  gas  and  the  air  being  at  zero  and 
under  a  pressure  of  30  inches. 

In  order,  therefore,  to  find  the  specific  gravity  of  a  gas,  oxygen 
for  instance,  it  is  necessary  to  determine  the  weight  of  a  certain 
volume  of  this  gas,  at  a  pressure  of  30  inches,  and  a  temperature  of 
zero,  and  then  the  weight  of  the  same  volume  of  air  under  the  same 
conditions.  For  this  purpose  a  large  globe  of  about  two  gallons 
capacity  is  used,  like  that  represented  in  fig.  92,  the  neck  of  which 
is  provided  with  a  stop-cock,  which  can  be  screwed  to  the  air-pump. 
The  globe  is  first  weighed  empty,  and  then  full  of  air,  and  after- 
wards full  of  the  gas  in  question.  The  weights  of  the  gas  and  of 
the  air  are  obtained  by  subtracting  the  weight  of  the  exhausted 
globe  from  the  weight  of  the  globes  filled,  respectively,  with  air 
and  gas.  The  quotient,  obtained  by  dividing  the  latter  by  the 
former,  gives  the  specific  gravity  of  the  gas.  It  is  difficult  to  make 
these  determinations  at  the  same  temperature  and  pressure,  and 
therefore  all  the  weights  are  reduced  by  calculation  to  zero,  and  the 
standard  pressure  of  30  inches. 

In  this  manner  the  following  densities  have  been  found  : 
Air  ....  i-QGoo  Oxygen  .  .  .  1-1056 
Hydrogen  .  .  .  0-0692  Carbonic  acid  .  .  1-5290 
Nitrogen  .  .  .  0-9714  Chlorine  .  ..  .  2-4400 
From  these  numbers  the  lightest  of  gases,  and  therefore  of  all 
bodies,  is  hydrogen,  whose  density  is  less  than  J-  that  of  air. 


CHAPTER  VJ. 
CHANGES  OF  STATE  OF  BODIES  BY  THE  ACTION  OF  HE.Vr. 

232.  Fusion.— In  treating  of  the  general  effects  of  heat,  we  have 
seen  that  its  action  is  not  only  to  expand  bodies,  but  to  cause  them 
to  pass  from  the  solid  to  the  liquid  state,  or  from  the  latter  state 
to  the  former,  according  as  the  temperature  rises  or  falls  ;  then 
from  the  liquid  to  the  aeriform  state,  or  conversely.  These  vari- 
ous changes  of  state  we  shall  now  investigate  under  the  name  of 
fusion,  or  melting,  solidification,  vaporisation,  and  liquefaction. 
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Fusion,  or  melting,  is  the  passage  of  a  solid  body  to  the  liquid 
state  by  the  action  of  heat.  This  phenomenon  is  produced  when 
the  force  of  cohesion  which  unites  the  molecules  is  balanced  by 
the  force  of  repulsion  (4)  ;  but  as  the  cohesive  force  varies  in 
different  substances,  the  temperature  at  which  bodies  melt  does  so 
likewise.  For  some  substances  this  temperature  is  very  low,  and 
for  others  very  high,  as  the  following  table  shows  :— 

Melting  points  of  certain  substances. 


Mercury  . 

.  .-38-8° 

Sulphur 

.  114° 

Bromine  .  ■. 

.  12-5 

Tin  . 

.  22S 

Ice  . 

0 

Bismuth 

264 

Butter 

•  +  33 

Lead  . 

•  335 

Phosphorus 

.  44 

Zinc  . 

422 

Potassium 

•    55  . 

Antimony  . 

.  450 

Stéarine  . 

.  60 

Silver. 

1000 

White  wax 

.      .  65 

Gold  . 

1250 

Sodium  . 

.  90 

Iron  . 

.    1 500 

Some  substances,  however,  such  as  paper,  wood,  wool,  and 
certain  salts  do  not  fuse  at  a  high  temperature,  but  are  decomposed. 
Many  bodies  have  long  been  considered  refractory  ;  that  is,  in- 
capable of  fusion  ;  but,4n  the  degree  in  which  it  has  been  possible 
to  produce  higher  temperatures,  their  number  has  diminished. 
Gaudin  has  succeeded  in  fusing  rock  crystal  by  means  of  a  lamp 
fed  by  a  jet  of  oxygen  ;  and  more  recently  Despretz,  by  combining 
the  effects  of  the  sun,  the  voltaic  battery,  and  the  oxy-hydrogen  blow- 
pipe, has  melted  alumina  and  magnesia,  and  has  softened  carbon, 
so  that  it  was  flexible,  which  is  a  condition  near  that  of  fusion. 

Some  substances  pass  from  the  solid  to  the  liquid  state  without 
showing  any  definite  melting  point  ;  for  example,  glass  and  iron  be- 
come gradually  softer  and  softer  when  heated,  and  pass  by  imper- 
ceptible stages  from  the  solid  to  the  liquid  condition.  This  mter- 
mediate  condition  is  spoken  of  as  the  state  of  vitreous  fusion. 
Such  substances  may  be  said  to  melt  at  the  lowest  temperature 
at  which  perceptible  softening  occurs,  and  to  be  fully  melted  when 
the  further  elevation  of  temperature  does  not  make  them  more 
fluid  ;  but  no  precise  temperatures  can  be  given  as  then-  meltmg 

^°'233  laws  of  fusion.- It  has  been  experimentally  found,  that 
the  fusion  of  bodies  is  governed  by  the  two  following  laws  : 
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I.  Every  substance  begins  to  fuse  at  a  certain  temperature, 
ivliicii  is  invariable  for  one  and  the  saine  substance  if  tlie  pressure  be 
constant. 

II.  Whatever  be  the  intensity  of  the  soicrce  of  heat,  from  the  mo- 
ment fusion  commences,  the  temperature  of  tlie  body  ceases  to  rise, 
and  remains  constant  until  tlie  fusion  is  complete. 

For  instance,  tbe  melting  point  of  ice  is  zero,  and  a  piece  of  this 
substance  exposed  to  the  sun's  rays,  or  placed  in  front  of  a  fire  or 
over  a  lamp,  could  never  be  heated  beyond  this  temperature.  Ex- 
posure to  a  more  intense  heat  would  only  hasten  the  fusion  ;  the 
temperature  would  remain  at  zero  until  the  whole  of  the  ice  was 
melted. 

234.  latent  heat. — Since,  during  the  passage  of  a  body  from 
the  solid  to  the  liquid  state,  the  temperature  remains  constant  until 
the  fusion  is  complete,  whatever  be  the  intensity  of  the  source  of 
heat,  it  must  be  concluded  that,  in  changing  their  condition,  bodies 
absorb  a  considerable  amount  of  heat,  the  only  effect  of  which  is  to 
maintain  them  in  the  liquid  state.  This  heat,  which  is  not  indicated 
by  the  thermometer,  is  called  latent  heat,  or  latent  heat  of  fusion, 
an  expression  which,  though  not  in  strict  accordance  with  modern 
ideas,  is  convenient  from  the  fact  of  its  universal  recognition  and 
employment. 

An  idea  of  what  is  meant  by  latent  heat  may  be  obtained  from 
the  following  experiment.  If  a  pound  of  water  at  80°  is  mixed  with 
a  pound  of  water  at  zero,  the  temperature  of  the  mixture  is  40°. 
But  if  a  pound  of  pounded  ice  at  zero  is  mi.xed  with  a  pound  of 
water  at  80°,  the  ice  melts,  and  two  pounds  of  water  at  ze7-o  are 
obtained.  The  poimd  of  ice  at  zero  is  changed  into  a  pound  of 
water  also  at  zero,  but  as  the  hot  water  is  also  lowered  to  this  tem- 
perature, what  has  become  of  the  80°  of  heat  it  possessed  ?  They 
exist  in  the  water  which  results  from  the  ice  ;  their  effect  has 
neither  been  to  increase  its  temperature  nor  its  volume,  but  simply 
to  impart  fluidity  to  it.  Consequently,  the  mere  change  of  a  pound 
of  ice  to  a  pound  of  water  at  the  same  temperature  requires  as  much 
heat  as  will  raise  a  pound  of  water  through  80°.  This  quantity  of 
heat  represents  the  latent  heat  of  the'  fusion  of  ice,  or  the  lateytt 
heat  ofivatcr. 

Every  substance  in  melting  absorbs  a  certain  amount  of  heat, 
which,  however,  varies  materially  with  different  substances. 

The  enormous  quantity  of  heat  absorbed  by  ice  in  melting,  ex- 
plains how  it  is  that  so  long  a  time  is  required  for  thaw.  And 
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conversely,  it  is  owing  to  the  latent  heat  of  water,  that  even  when 
its  temperature  has  been  reduced  to  zero,  so  long  a  time  is  required 
before  it  is  entirely  frozen.  Before  it  can  be  so  it  must  give  out 
the  heat  which  had  been  consumed  in  its  liquefaction  ;  it  must  be- 
comes a  source  of  heat  which  retards  the  solidification.  Faraday 
has  calculated  that  the  heat  given  out  by  a  cubic  yard  of  water  in 
freezing  is  equal  to  that  which  would  be  prodticed  by  the  complete 
combustion  of  a  bushel  of  coals 

Were  it  not  for  the  great  amount  of  heat  which  must  be  ab- 
sorbed by  snow  or  ice  in  melting,  we  should,  on  a  change  from  frost 
to  mild  weather,  be  liable  to  the  most  destructive  floods,  owing  to 
the  sudden  melting  of  the  accumulated  snow  and  ice. 

235.  Solidification. — Those  substances  which  are  liquefied  by 
heat  revert  to  the  solid  state  on  cooling,  and  this  passage  from  the 
liquid  to  the  solid  state  is  called  solidification.  If  this  solidification 
takes  place  at  a  low  temperature  it  is  frequently  spoken  of  as  con- 
gelation. 

In  all  cases  the  phenomenon  is  subject  to  the  following  laws  : 

I.  Ev-ry  body,  imder  the  same  p}-essure,  solidifies  at  a  fixed  tem- 
perature, which  is  the  same  as  that  of  fusion. 

II.  From  the  commenceme7it  to  the  end  of  the  solidification,  the 
temperature  of  a  liquid  remains  constant. 

Thus  if  lead  begins  to  melt  at  335°,  melted  lead  in  hke  manner 
when  cooled  down  begins  to  solidify  at  335°.  Moreover,  until  it  is 
completely  solidified,  the  temperature  remains  constant  at  335°. 
This  arises  from  the  fact,  that  the  liquid  metal  in  proportion  as  it 
solidifies  restores  the  heat  it  had  absorbed  in  being  melted.  The 
same  phenomenon  is  observed  whenever  a  liquid  solidifies  (234). 

Many  liquids,  such  as  alcohol,  ether,  and  bisulphide  of  carbon, 
do  not  solidify  even  at  the  lowest  known  temperature.  Pure  water 
sohdifies  at  zero  ;  salt  water  at -2-5°,  olive  and  rape  oils  at -6"; 
linseed  and  nut  oils  at  —  27°. 

Water  presents  the  remarkable  phenomenon  that  when  it  solidi- 
fies and  forms  ice  its  volume  undergoes  a  material  increase.  In 
ST?eaking  of  the  maximum  density  of  water  we  have  already  seen 
that,  on  cooling,  it  expands  from  4  degrees  to  zero  ;  it  further  ex- 
pands on  the  moment  of  solidifying,  or  contracts  on  melting  by 
about  10  per  cent.  One  volume  of  ice  at  0°  gives  0-908  of  water  at 
0°,  or  I  volume  of  water  at  0°  gives  I-I02  of  ice  at  the  same  tem- 
perature. 

The  increase  of  volume  in  the  formation  of  ice  is  accompanied 
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by  an  expansive  force  which  sometimes  produces  powerful  mecha- 
nical effects,  of  which  the  bursting  of  water  pipes  and  the  breaking 
of  jugs  and  bottles  containing  water  are  familiar  examples.  The 
splitting  of  stones,  rocks,  and  the  swelling  up  of  moist  ground  during 
frost,  are  caused  by  the  fact  that  water  penetrates  into  the  pores 
and  there  becomes  frozen. 

The  expansive  force  of  ice  was  strikingly  shown  by  some  experi- 
ments of  Major  WiUiams  in  Canada.  Having 
quite  filled  a  13-inch  iron  bomb-shell  with 
water,  he  firmly  closed  the  touch-hole  with  an 
iron  plug  weighing  3  pounds,  and  exposed  it 
in  this  state  to  the  frost.  After  some  time 
the  iron  plug  was  forced  out  with  a  loud  ex- 
plosion, and  thrown  to  a  distance  of  415  feet, 
the  shell  was  cracked,  and  a  mass  of  ice  projected  from  the  crack  as 
shown  in  fig.  203. 

From  the  expansion  which  water  undergoes  in  freezing,  it  is 
clear  that  ice  must  be  less  dense  than  water  ;  and  this  in  fact  is  the 
case,  for  ice  floats  on  the  surface  of  the  water.  In  the  polar  seas, 
where  the  temperature  is  always  very  low,  masses  of  floating  ice  are 
met  with  which  are  called  ice-fields.  They  rise  out  of  the  sea  to  a 
height  of  4  or  S  yards,  and  are  immersed  to  a  depth  of  7  or  8  yards, 
and  they  frequently  extent  over  40  miles.  True  mountains  of  ice, 
or  icebergs,  are  found  floating  on  those  seas  ;  they  have  not  the 
same  area,  but  attain  very  great  heights. 

Cast-iron,  bismuth,  and  antimony  expand  on  solidifying,  like 
water,  and  can  thus  be  used  for  casting  ;  but  gold,  silver,  and  cop- 
per contract,  and  hence  coins  of  these  metals  cannot  be  cast,  but 
must  be  stamped  with  a  die. 

236.  Crystallisation. — When  bodies  pass  slowly  from  the  liquid 
to  the  solid  state,  their  molecules,  instead  of  becoming  grouped  in 
a  confused  manner,  generally  acquire  a  regular  order  and  arrange- 
ment, in  virtue  of  which  these  bodies  assume  the  geometrical  shapes 
of  cubes,  pyramids,  and  prisms,  etc.,  which  are  perfectly  definite, 
and  are  known  as  cjysials.  Flakes  of  snow,  when  looked  at  under 
the  microscope  (285),  ice  in  the  process  of  formation,  sugar  candy, 
rock  crystal,  alum,  common  salt,  and  many  other  substances  afford 
wellknown  instances  of  crystallisation. 

Two  methods  are  in  use  for  crystallising  substances  ;  the  dry 
luny  and  the  moist  way.  \\y  the  first  method  bodies  are  melted  by 
heat,  and  then  allowed  to  cool  slowly.    The  vessel  in  which  the 
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operation  is  performed  becomes  lined  with  crystals,  which  are  made 
apparent  by  inverting  the  vessel  and  pouring  out  the  excess  of 
liquid  before  the  whole  of  it  is  melted.  Sulphur,  bismuth,  and 
many  other  metals  are  thus  easily  crystallised.  The  second  method 
consists  in  dissolving  in  hot  water  the  substance  to  be  crystallised, 
and  then  allowing  it  to  cool  slowly.  The  body  is  then  deposited  on 
the  sides  of  vessels  in  crystals  which  are  larger  and  better  shaped 
the  more  slowly  the  crystallisation  is  effected.  In  this  manner 
sugar  candy  and  salts  are  crystallised. 

237.  Solution.— A  body  is  said  to  dissolve  when  it  becomes 
liquid  in  consequence  of  an  affinity  between  its  molecules  and 
those  of  a  liquid.  Gum  arable,  sugar,  and  most  salts  dissolve  in 
water. 

During  solution,  as  well  as  during  fusion,  a  certain  quantity  of 
heat  always  becomes  latent,  and  hence  it  is  that  the  solution  of  a 
substance  usually  produces  a  diminution  of  temperature.  In  cer- 
tain cases,  however,  instead  of  the  temperature  being  lowered,  it 
actually  rises,  as  when  caustic  poiass  is  dissolved  in  water.  This 
depends  upon  the  fact  that  during  the  solution  of  a  solid  in  a  liquid, 
two  simultaneous  and  contrary  phenomena  are  produced.  The  first 
is  the  passage  from  the  soUd  to  the  liquid  condition,  which  always 
lowers  the  temperature.  The  second  is  the  chemical  combination 
of  the  body  dissolved  with  the  liquid,  and  which,  as  in  the  case  of 
all  chemical  combinations,  produces  an  increase  of  temperature. 
Consequently,  as  the  one  or  the  other  of  these  effects  predominates, 
or  as  they  are  equal,  the  temperature  either  rises,  or  sinks,  or  re- 
mains constant. 

238.  Freezing  mixtures.— The  absorption  of  heat  in  the  pas- 
sage of  bodies  from  the  solid  to  the  liquid  state  has  been  used  to 
produce  artificial  cold.  This  is  effected  by  mixing  together  bodies 
which  have  an  affinity  for  each  other,  and  of  which  one  at  least  is 
solid,  such  as  water  and  a  salt,  ice  and  a  salt,  or  an  acid  and  a  salt. 
Chemical  affinity  accelerates  the  fusion,  the  portion  which  melts 
robs  the  rest  of  the  mixture  of  a  large  quantity  of  sensible  heat, 
which  Uius  becomes  latent.  In  many  cases  a  very  considerable 
diminution  of  temperature  is  produced. 

If  the  substances  taken  be  themselves  first  previously  cooled 
down,  a  still  more  considerable  diminution  of  temperature  is  occa- 
sioned. .  ... 

Freezing  mixtures  are  frequently  used  in  chemistry,  in  physics, 
and  in  domestic  economy.    The  best  effect  is  obtained  when  pretty 
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large  quantities,  2  or  3  pounds,  of  the  mixture  are  used,  and  when 
they  are  intimately  mixed.  It  is  also  advantageous  to  use  the 
machines  for  a  series  of  successive  operations. 

One  form  of  the  portable  ice-making  machines  which  have 
come  into  use  of  late  years  is  represented  in  figure  204.  In 
this  ice  is  made  by  the  great  cold  produced  by  the  solution  of 
nitrate  of  ammonia  in  water.  In  a  metal' cylinder  A,  a  hollow  cone 
B  of  thin  metal  plate  is  so  fixed  as  to  divide  the  interior  of  A  in 
two  parts  ;  the  cone  B,  open  at  the  top,  and  the  ring-shaped  space 
P  surrounding  it,  and  open  at  the  bottom.  The  water  to  be  frozen  is 
placed  in  B  to  about  |  its  height  ;  an  india-rubber  ring  is  placed 
on  it,  and  then  a  wooden  cover  which  can  be  screwed  tightly 
down.  B  being  thus  closed,  the  space  P  is  about  half  filled  with 
ammonium  nitrate,  and  water  added  until  the  space  is  nearly  full. 
P  having  been  closed  by  a  similar  cover  to  that  of  B,  the  whole 
apparatus  is  rotated  for  8  or  10  minutes  on 


its  axis.  There  is  then  formed  in  B  a  hollow 
cone  of  transparent  ice  in  the  centre  of  which 
there  is  usually  some  water.  Instead  of 
placing  water  in  B,  mixtures  of  suitable 
flavoured  creams  and  the  like  may  be  placed, 
and  are  frozen  with  equal  facility. 

The  salt  can  be  obtained  again  by 
evaporation,  and  thus  the  process  can  be 
repeated  over  and  over  agaih  with  the  same 
materials. 


A  mixture  of  sodium  sulphate  and  hydro- 

11..,  i''S'  204. 

chloric  acid,  produces  also  a  great  degree 

of  cold  ;  but,  as  a  chemical  decomposition  takes  place  here,  the  mix- 
ture can  only  be  used  once.  The  greatest  lowering  of  temperature 
is  produced  by  taking  two  solids,  which  by  their  mixture  produce  a 
liquid.  Thus  a  mixture  of  i  pound  of  common  salt  with  three 
pounds  of  snow,  or  coarsely  powdered  ice,  reduces  the  temperature 
to  -  20°  C. 
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CHAPTER  VII. 

FORMATION  OF  VAPOURS.     MEASUREMENT  OF  THEIR  ELASTIC 

FORCE. 

239.  Vapours. — We  have  already  seen  (109)  that  vapours  are 
the  aeriform  fluids  into  which  substances,  such  as  ether,  alcohol, 
water,  and  mercury,  are  changed  by  the  absorption  of  heat. 

In  respect  to  the  property  of  disengaging  vapours,  liquids  are 
divided  into  two  classes,  volatile  liquids,  and /r^^Hiquids.  The 
first  are  those  which  have  a  tendency  to  pass  into  the  state  of 
vapour  at  the  ordinary  or  even  at  lower  temperatures  ;  such,  for 
instance,  are  water,  ether,  chloroform,  alcohol,  which  disappear  more 
or  less  rapidly  when  exposed  to  the  air  in  open  vessels.  To  this  class 
belongs  a  numerous  family  of  liquids  met  with  in  nature,  such  as 
essence  of  turpentine,  oil  of  lemons,  of  lavender,  of  thyme,  of  roses, 
etc.,  which  are  known  as  the  essential  oils. 

Fixed  liquids,  on  the  contrary,  are  those  which  emit  no  vapour 
at  any  temperature  ;  such,  for  instance,  are  the  fatty  oils,  as  ohve, 
rape,  etc.  When  strongly  heated  these  oils  are  decomposed,  and 
give' rise  to  gaseous  products;  but  t^iey  do  not  emit  vapours  of 
the  same  nature  of  their  own.  There  are  some  of  them  which  are 
known  as  drying  oih,  that  become  thicker  in  the  air  ;  but  this  is  in 
consequence  of  their  having  absorbed  oxygen,  and  not  in  con- 
sequence of  evaporation. 

Some  substances  gives  vapours  even  in  the  solid  state.  Ice  is 
an  instance  of  this,  as  is  seen  in  dry  cold  winters,  where  the  snow 
and  ice  quite  disappear  from  the  ground,  without  there  havmgbeen 
any  melting.  Camphor,  and  odoriferous  bodies,  in  general,  present 
the  same  phenomenon. 

240.  Elastic  force  of  vapours.— Vapours  formed  on  thesuiface 
of  a  liquid  are  disengaged  in  virtue  of  their  elasticity  ;  but  this 
force  is  generally  far  lower  than  the  pressure  of  the  atmosphere, 
and  hence  liquids  exposed  to  the  air  only  evaporate  slowly. 

The  following  experiment  renders  evident  the  elastic  force  or 
tension  of  vapours.  A  bent  glass  tube  has  the  shorter  limb  closed 
rfig  20s)  ;  this  branch  and  part  of  the  longer  are  filled  with 
mercury.    A  drop  of  ether  is  then  passed  into  the  closed  leg,  which 
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in  virtue  of  its  lower  density  rises  to  the  top  of  the  tube  at  B.  The 

tube  thus  arranged  is  immersed  in  a  water  bath  at  a  temperature  of 

about  45°.    The  mercury  then  sinks 

slowly  in   the  short  branch,  and 

the  space  AB  is  filled  with  a  gas 

which  has  all  the  appearance  of 

air.    This  gas  or  aeriform  fluid  is 

nothing  but  the  vapour  of  ether, 

whose  elastic  force  counterbalances 

not  only  the  pressure  of  the  column 

of  mercury  CA,  but  also  the  atmo- 
spheric pressure  exerted  at  C. 

If  the  water  in  the  vessel  be 

cooled,  or  if  the  tube  be  withdrawn, 

the  mercury  gradually  rises  in  the 

short  leg,  and  the  drop  of  liquid 
which  seemed  almost  to  have  dis- 
appeared is  re-formed.  If,  on  the 
contrary,  the  water  in  which  the 
tube  is  immersed  be  still  more 
heated,  the  drop  diminishes  and 
the  mercury  descends  further  in 
the  short  leg  ;  thus  showing  that 
fresh  vapours  are  formed,  and  that 
the  elastic  force  increases.  This 
increase  of  tension  with  the  tempe- 
rature continues  as  long  as  any 
liquid  remains  to  be  vaporised. 

The  crackling  of  wood  in  fires  is  due  to  the  increased  tension 
of  the  vapours  and  gases  formed  in. the  pores  of  the  wood  during 
combustion  n  roasting  chestnuts  it  is  usual  to  slit  the  outer  skin  • 
the  object  of  this  ,s  to  allow  the  vapour  formed  to  escape,  for  other- 
vv.se  It  would  be  liable  to  acquire  such  an  elastic  force  as  to  burst 
the  chestnut  and  scatter  the  particles  far  and  wide 

241.  Formation  of  vapours  in  a  vacuum.-In  the  previous 
experiment  the  liquid  changed  very  slowly  into  the  state  of  vapour  • 
the  same  is  the  case  when  a  liquid  is  freely  exposed  to  thrair.' 
In  both  cases  the  atmosphere  is  an  obstacle  to  the  vaporisa- 
tion In  a  vacuum  there  is  no  resistance,  and  the  formation  of 
vapours  is  instantaneous,  as  in  seen  in  the  following  experimer^t 
Pour  barometer  tubes,  filled  with  mercury,  are  immersed  side  by 
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side  in  the  same  trough  (fig.  206).  One  of  them,  A,  serves  as  a 
barometer,  that  is,  only  contains  dry  mercury,  and  a  few  drops  of 
water,  alcohol,  and  ether  are  respectively  introduced  into  the  tubes, 
B,  C,  D.    When  the  liquids  reach  the  vacuum  a  depression  of  the 

mercury  is  at  once  pro- 
duced. ,  But  this  depres- 
sion cannot  be  produced 
by  the  weight  of  the  liquid, 
for  it  is  but  an  infinitely 
small    fraction    of  the 
weight  of  the  displaced 
mercury.    Hence,  in  the 
case  of  each  liquid,  some 
vapour  must  have  been 
formed  whose  elastic  force 
has  depressed  the  mer- 
curia.1  column,  and  as  the 
depression  is  greater  in 
the  tube  D  than  in  the 
tube   C,  and  greater  in 
this  than  in  the  tube  B, 
it  is  concluded  that,  for 
the  same  temperature,  the 
É  elastic  force  of  ether  is 
greater  than  that  of  alco- 
hoi    vapour,    and  that 
this  in  turn  has  a  greater 
elastic  force  than  that  of 
water.    If  the  depression 
be  measured  by  means  of  a  graduated  scale  it  will  be  found  that, 
at  a  temperature  of  20°,  the  elastic,  force  of  ether  is  twenty-five 
times  as  great  as  that  of  water,  and  that  of  alcohol  almost  four 
times  as  great.    From  these  experiments  we  obtain  the  two  follow- 
ing laws  for  the  formation  of  vapours  :  ,  .  j 
I.  In  a  vacuum  all  volatile  liquids  are  instantaneously  converted 

into  vapour.  , 
•  II.  At  the  same  temperature  the  vapours  of  différait  liquids  iiaue 

different  elastic  forces. 

242  limit  to  tue  formation  and  to  the  tension  of  vapours, 
saturated  space.-The  quantity  of  vapour  which  can  be  formed 
in  a  -iven  space,  whether  at  the  ordinary,  or  at  higher  temperatures. 
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is  always  limited.    For  instance,  in  the  above  experiment,  the  de- 
pression of  mercury  in  each  tube,  B,  C,  D,  is  not  stopped  for  want 
of  liquid  which  might  form  fresh  vapour,  for  care  is  taken  always 
to  add  so  much  that  a  slight  excess  remains  unvaporised.  Thus, 
in  the  tube  D,  enough  ether  is  left  ;  yet  we  might-wait  weeks  and' 
years,  and  if  the  temperature  did  not  increase,  we  should  always 
see  a  portion  of  liquid  in  the  tube,  and  the  level  of  the  mercury 
remain  stationary.    This  shows  that  no  new  vapour  can  be  formed 
in  the  tube,  and  at  the  same  time  that  the  elastic  force  of  the 
vapour  which  is  there  cannot  increase,  which  is  expressed  by  saying 
that  it  has  attained  its  maxinunn  tension. 

When  a  given  space  has  acquired  all  the  vapour  which  it  can 
contain,  it  is  said  to  be  saturated.  For  instance,  if  in  a  bottle  full 
of  dry  air  a  httle  water  be  placed,  and  the  vessel  be  hermetically 
closed,  part  of  the  water  will  evaporate  slowly,  until  the  elastic 
force  of  the  vapour  formed  holds  in  equilibrium  the  expansive  force 
.  of  that  which  still  tends  to  form  ;  the  formation  of  vapour  then 
ceases,  and  the  space  is  saturated. 

243.  The  quantity  of  vapour  which  saturates  a  çiven  space 
is  the  same  whether  this  is  vacuous  or  contains  air.— For 
the  same  temperature  the  quantity  of  vapour  necessary  to  saturate 
a  given  space  is  the  same,  whether  the  space  is  quite  vacuous  or 
contains  air  or  any  other  gas.  In  the  above  bottle,  whether  it  be 
full  of  air,  or  has  been  exhausted,  the  total'  quantity  which  evapo- 
rates IS  exactly  the  same;  the  difference  being  that,  in  the  first 
case,  the  evaporation  only  takes  place  slowly,  while  in  the  second' 
case  It  IS  instantaneous.  Yet,  for  the  same  space,  whether  it  be. 
vacuous  or  LiU  of  air,  the  quantity  of  vapour  fomied  which  corre- 
sponds to  the  state  of  saturation,  varies  with  the  temperature. 
The  higher  the  temperature,  the  greater  is  the  quantity  of  vapour 
contained  in  a  given  space,  the- denser  it  is  therefore  ;  on  the  other 
hand  the  lower  the  temperature,  the  less  is  the  quantity  required 
to  saturate  a  given  space. 

The  quantity  of  vapour  present  in  air  is  very  variable  ;  but, 
spite  of  the  abundant  vaporisation  produced  on  the  surface  of  seas 
lakes,  and  rivers,  the  air  in  the  lower  regions  of  the  atmosphere  is 
eldom  quite  saturated,  even  when  it  rains.    This  arises  from  the 
fact  that  aqueous  vapour,  being  less  dense  than  air,  rises  into  th^' 
higher  regions  of  the  atmosphere,  in  proportion  as  it  is  formed 
where,  condensed  by  cooling,  it  faJk  as  rain.    During  a  den  "  fo. 
the  air  is  quite  saturated.  ^ 
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244.  Evaporation.    Causes  which  accelerate  it.— We  have 
hitherto  described,  under  the  general  term  of  vaporisation,  all 
production  of  vapour,  under  whatever  circumstances  it  takes  place, 
whether  slow  or  rapid,  whether  in  air  or  in  a  vacuum  ;  while  the 
term  evaporation  \%  &s^zc\z!^\^  assigned  to  the  slow  fonnation  of 
vapouron  the  surface  ofa  volatile  liquid  when  it  is  exposed  m  the 
open  aii:.    It  is  in  consequence  of  evaporation  that  the  level  of  the 
water-  in.  a- pond'  gradually  sinks,  and  the  pond  ultimately  dries  up 
if- it  is  not  fed-  by  a  spring.    Owing  to  the  same  cause  the  earth 
moistened-  by  rain  dries  up-  and'  hardens,  and  wet  linen  exposed 
in  the  air  soon  becomes  di-y.    S'everal  causes  influence  the  rapidity 
of  the  evaporation^  of  a-  liquid  ;  its  temperature  ;  the  quantity  of 
the  same  vapour- in  tlie  surrounding  atmosphere;  the  renewal  of 
this  atmosphere  ;  also,  the  extent  of  the  surface  of  the  liquid. 

Influence  of  temperature.  Heat  being  the  agent  of  all  evapora- 
tion the  higher  the  temperature  the  more  abundant  is  the  forma- 
tion of  vapour.  This  property  is  utilised  in  the  arts  to  hasten  and 
complete  the  drying  of  large  number  of  products  which  are 
exposed  in  stoves  ;  t\i^^  is  to  say,  in  chambers,  the  teniperature 
of  which  is  kept  at  30,  4°,  60,  and  even  100  degrees,  and  the  a.r 
of  which  is  continually  rene^ved'  to  allow  the  vapour  formed  to 

escape.  ,  , 

Influence  of  pressure.  We  have  already  seen  that  the  pressure 
of  the  atmosphere  is  an  obstacle  to  the  disengagement  of  vapour 
and  it  will  thus  be  understood' that  when  this  pressure  is  diminished 
vapour  ought  to  be  formed  more  abundantly.  This,  m  point  of  fact, 
is  what  takes  place  whenever  liquids  are  under  a  less  pressure  han 
that  of  the  atmosphere.  In  sugar  refineries,  in  order  to  concentrate 
the  syrups  (that  is,  to  reduce  the  volume  by  removing  part  of  the 
water  *ey  contain),  they  are  placed  in  large  spherical  vessds  ;  and 
then,  by  the- aid  of  large  air-pumps  of  special  construction,  and 
worked  by  steam-engines,  the  air  in  the  boilei  s  is  --fi^d  wh.h 
considerabl-y  at:celerates  the  evaporation  of  water,  and  quickly 
brin-s  the  syraps  to  the  wished^for  degree  of  concentration^ 

Êmen^fth-e  rene^u>al  ofair.-  In  order  to  understand  the  in- 
fluent of  he  third'  cause,  it  is  to  be  observed  that  no  evaporation 
S  td  e  place  in  a  space  already  saturated  with  vapour  of  the 
•san  el  qufd  and  that  evaporation  would  reach  its  maximum  in  air 
Srpl  Sy  h-eed  from  this  vapour.  It  therefore  follows  that,  be  .-een 
h2e  tl'extremes,  the  rapidity  ^-^^^^^^î^ 
the  surrounding  atmosphere  is  already  more  01  less  charged 

the  same  vapour. 
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The  efîfect  of  the  renewal  of  this  atmosphere  is  easily  ex- 
plained ;  for  if  the  air  or  gas,  which  surrounds  the  liquid,  is 
not  renewed,  it  soon  becomes  saturated,  and  evaporation  ceases. 
Thus  it  is  that  the  wind,  removing  the  layers  of  air  which  are  in 
contact  with  the  earth,  soon  dries  up  the  roads  and  streets.  Hence, 
too,  it  is  that  linen  hung  out  to  diy,  does  so  far  more  rapidly  on  a 
Avindy  than  on  a  calm  day. 

Influence  of  the  extent  of  stirface.  The  greater  the  extent  of 
surface  which  a  liquid  presents  to  the  air,  the  more  numerous  are 
the  points  from  which  vapour  is  disengaged.  Hence  the  eva- 
poration of  a  liquid 
should  be  effected  in 

vessels  which  are  wide 

and  shallow.    This  is 

what  is  done  in  the 

process  of  extracting 

salt  from  sea  water  in 

salt  gardens.   The  sea 

water  is  admitted  into 

broad    and  shallow 

pits  excavated  in  the 

ground.     Under  the 

influence  of  the  sun's 

heat  the  water  evapo- 
rates slowly,  and  when 

the  concentration  has 

reached  the  point  at 

which   the    liquid  is 

saturated,    the  salt 

begins  to  form  on  the 

surface  and  is  raked 

off. 

245.  Ebullition.— 

Ebullition,  or  boili7iir^ 

a  l'quidt'ei?™'"'°"  °'  "^"^'^'^^  °f  ^^P-'-  -       mass  of 

a  vesTr.î^'1!"'''  ZT      ''"™P'^'  at  the  lower  part  of 

a  vessel,  the  first  bubbles  are  due  to  the  disengagement  of  \i 
wh,ch  had  prevously  been  absorbed.    Small  bubbL  of  vapou 


Fig.  207. 


then 


pass  .h,„>„h  .he  „ppe.,„.„, 
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they  condense  before  reaching  the  surface.  The  formation  and 
successive  condensation  of  these  first  bubbles  occasion  the  singing 
noticed  in  liquids  before  they  begin  to  boil.  Lastly,  large  bubbles 
rise  and  burst  on  the  surface,  and  this  constitutes  the  phenomenon 
of  ebullition  (fig.  207). 

246.  laws  of  eDullition.— The  laws  of  ebullition  have  been 
determined  experimentally,  and  are  as  follows  : 

I.  The  temperature  of  ebullition,  or  the  boiling  point,  increases 
with  the  pressure. 

II.  For  a  given  pressure,  boiling  comnmices  at  a  certain  tem- 
perature, which  varies  in  different  liquids,  but  which,  for  equal 
pressures,  is  always  the  same  in  the  same  liquid. 

III.  Whatever  be  the  intensity  of  the  source  of  heat,  as  soon 
as  ebullition  begins,  the  temperature  of  the  liquid  remaijis  sta- 
tionary. . 

Thus,  the  boihng  point  of  water  under  the  ordmary  atmospheric 
pressure 'being  100°,  it  could  not  be  heated  beyond  that  point, 
whatever  the  intensity  of  the  source  of  heat  ;  the  only  effect  of 
higher  temperature  being  to  hasten  the  rapidity  of  vaporisation  ; 
hence  all  the  heat  which  passes  from  the  source  into  the  liquid  is 
absorbed  by  the  vapour  disengaged.  But,  as  this  vapour  is  itself 
at  100°  we  must  conclude  that  this  heat  is  not  absorbed  to  raise 
the  temperature  of  the  vapour,  but  simply  to  produce  U  ;  that  is, 
to  change  the  substance  from  the  liquid  into  the  gaseous  state,  a 
phenomenon  analogous  to  that  which  fusion  presents  (234).  This 
disappearance  of  heat  during  ebullition  will  be  subsequently  in- 
vestigated under  the  name  of  latent  heat  of  vaporisation  (251). 

Boiling  points  under  the  pressure  of  an  atmosphere. 

Sulphurous  acid    .    .    .-10°  Turpentine    .    .    .    .    -  160° 

£^her                             37  Strong  sulphuric  acid  .    .  325 

Bisulphide  of  carbon  .    .    48        Mercury   35° 

Bromine  63        Sulphur   447 

Alcohol  78        Cadmium   860 

Distilled  water  .    .    •    .100        Zinc   io40 

oAn  causes  wUich  influence  the  boiling:  point.-The  boiling 
point  of  a  liquid  is  affected  by  the  substances  in  solution,  by  the 
degree  of  pressure  to  which  it  is  subjected,  and  by  the  nature  of 
the  vessels  in  which  the  boiling  takes  place. 


-247]    Lijluence  of  Pressure  on  the  Boiling  Point.  245 


The  ebullition  of  a  liquid  is  the  more  retarded  the  greater  the 
quantity  of  any  substance  it  may  contain  in  solution,  provided  that 
the  substance  be  not  volatile,  or,  at  all  events,  be  less  volatile  than 
the  liquid  itself  Water  which  boils  at  100°  when  pure,  boils  at 
109°  when  it  is  satu7-ated  with  common  salt  ;  that  is,  when  it  has 
taken  up  as  much  of  this  salt  as  it  can  dissolve. 


Fig.  208. 


Pressure.  The  degree  of  pressure  to  which  a  liquid  is  subjected 
has  a  most  important  influence  on  its  boiling  point.  The  greater 
the  external  pressure  the  greater  must  be  the  tension,  in  order  that  the 
vapour  maybe  disengaged,  and  therefore  the  higher  the  temperature. 
On  the  contrary,  the  less  the  pressure  the  lower  the  temperature 
at  which  ebullition  takes  place.  If  the  pressure  of  the  atmosphere 
be  removed,  water  may  be  made  to  boil,  even  at  the  ordinary  tem- 
perature. The  experiment  may  be  arranged  in  the  manner  repre- 
sented in  fig.  208.    A  glass  cup  containing  water  is  placed  under 
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the  bell-jar  of  an  air-pump,  or,  in  order  that  the  experiment  may  be 
seen  by  a  number  of  spectators,  the  bell  is  placed  on  a  movable 
plate  connected  with  the  pump  by  a  tube.  When  a  vacuum  is  pro- 
duced, or  when  the  air  is  very  rarefied,  the  water  is  seen  to  boil, 
evidently  indicating  a  considerable  disengagement  of  vapour.  Yet 
the  temperature  of  the  liquid  is  not  raised  ;  the  boiling  is,  on  the 
contrary,  a  source  of  cold,  owing  to  the  heat  which  becomes  latent 
in  the  formation  of  vapour. 

The  influence  of  pressure  on  ebullition  may  further  be  illustrated 
by  means  of  an  experiment  of  Franklin's.  The  apparatus  consists 
of  a  bulb  and  a  tube,  joined  by  a  tube  of  smaller  dimensions  (fig. 
209).  The  tube  is  drawn  out,  and  the  apparatus  filled  with  water, 
which  is  then  in  great  part  boiled  away  by  means  of  a  spirit-lamp. 


Fig.  209. 

When  it  has  been  boiled  sufficiently  long  to  expel  all  the  air,  the 
tube  is  sealed.  There  is  then  a  vacuum  in  the  apparatus,  or  rather, 
there  is  only  a  pressure  due  to  the  tension  of  aqueous  vapour, 
which  at  ordinary  temperatures  is  very  small.  Consequently,  if  the 
bulb  be  placed  in  the  hand,  as  shown  in  the  figure,  the  heat  is 
sufficient  to  produce  a  pressure,  which  drives  the  water  mto  the 
tube  and  causes  a  brisk  ebullition.  „  -,1    »    f  c 

A  paradoxical  but  very  simple  experiment  also  well  illustrates 
the  dependence  of  the  boiling  point  on  the  pressure.  In  a  glass 
flask  water  is  boiled  for  some  time,  and  when  all  air  has  been  ex- 
pelled by  the  steam,  the  flask  is  closed  by  a  cork  and  inverted,  as 
shown  in  fig.  210.  If  the  bottom  is  then  cooled  by  a  stream  of 
cold  water  from  a  sponge,  the  water  begins  to  boil  again.  Ihi. 
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arises  from  the  condensation  of  the  steam  above  the  surface  of  the 
water,  by  which  a  partial  vacuum  is  produced. 

As  the  pressure  of  air  diminishes  in  proportion  as  we  rise  in  the 
atmosphere,  it  will  be  seen,  from  what  has  been  said,  that  on  high 
mountains  water  must  boil  at 
lower  temperatures  than  on 
the  sea  level.  This,  in  fact, 
is  the  case  ;  on  Mont  Blanc, 
at  a  height  of  15,800  feet, 
water  boils  at  84°  ;  at  Quito., 
at  a  height  of  1 1 ,000  feet, 
at  90°  ;  and  at  Madrid,  the 
height  of  which  is  3,000 
feet,  it  boils  at  ,97°.  This 
diminution  in  the  tempera- 
ture of  ebullition  at  great 
heights  is  a  material  obstacle 
to  the  preparation  of  food, 
for,  at  the  temperature  of  90°, 
the  extraction  of  the  nourish- 
ment and  of  the  flavour  is  far 
more  imperfect  than  under 
the  usual  conditions. 

In  deep  mines,  on  the 
contrary,  such  as  those  of 
Cornwall    and  Lancashire, 


Fig.  210. 


the  reverse  is  the  case  ;  the  pressure  increases  with  the  depth,  and 
the  boiling  point  is  higher  than  at  100°. 

Influence  of  the  jiatnre  of  the  vessel  on  the  boiling  poin  t.  Gay- 
Lussac  observed  that  water  in  a  glass  vessel  required  a  higher 
temperature  for  ebullition  than  in  a  metal  one.  Taking  the  tem- 
perature of  boiling  water  in  a  copper  vessel  at  100°,  its  boiling 
point  in  a  glass  vessel  was  found  to  be  101°  ;  and  if  the  glass 
vessel  had  been  previously  cleaned  by  means  of  sulphuric  acid  and 
of  potass,  the  temperature  would  rise  to  105°  or  even  to  106°  before 
ebullition  commenced.  Whatever  be  the  boiling  point  of  water, 
the  temperature  of  its  vapour  is  uninfluenced  by  the  substance  of 
the  vessels. 

248.  Papin's  digester.— What  has  hitherto  been  said  in  re- 
ference to  the  formation  of  vapour  has  applied  to  the  case  of  liquids 
heated  in  open  vessels.    Only  under  these  conditions  can  ebulli- 
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tion  take  place  ;  for,  in  a  closed  vessel,  since  the  vapours  cannot 
escape  into  the  atmosphere,  their  elastic  force  and  their  density 
continually  increase,  but  that  peculiarly  rapid  disengagement  of 
vapour  which  constitutes  boihng  is  impossible.  There  is,  more- 
over, this  difference  between  heating  in  an  open  and  in  a  closed 
vessel  ;  that,  in  the  former  case,  the  temperature  can  never  exceed 
that  of  ebullition,  while  in  a  closed  vessel  it  may  be  raised,  so  to 
speak,  to  an  indefinite  extent.  Thus  we  have  seen  (247,  that, 
dn  an  open  vessel,  water  cannot  be  heated  beyond  100°  C,  all  the 
lieat  imparted  to  it  being  absorbed  by  the  vapours  disengaged. 

But  as  this  disengagement  of 
vapour  cannot  take  place  in  a 
closed  vessel,  water  and  the 
vapour  may  be  raised  to  a  far 
higher  temperature  than  100°. 
This,  however,  is  not  unat- 
tended with  danger,  from  the 
very  high  pressure  which  the 
vapour  then  acquires. 

Figure  211  represents  the 
apparatus  used  in  physical 
lectures  for  the  purpose  of 
heating  water   in  a  closed 
vessel  beyond  100  degrees. 
It  is  known  as  Fapin's  Di- 
gester.    It   consists    of  a 
cylindrical    bronze  vessel, 
M  (fig.  211),  provided  with 
a    cover,   which   is  firmly 
fastened  down  by  a  screw. 
In  order  to  close  the  vessel 
hermetically,  sheet   lead  is 
placed  between  the  edges  of 
the  cover  and  the  vessel.    At  the  bottom  of  a  cylindrical  cavity, 
which  traverses  a  cylinder  and  tubulure,  the  cover  is  perforated  by  a 
small  orifice  in  which  there  is  a  rod,  u.    This  rod  presses  agamst  a 
lever,  ab,  movable  at  a,  and  the  pressure  maybe  regulated  b) 
means  of  a  weight,  p,  movable  on  this  lever.    The  lever  , s  so 
weighted  that  when  the  pressure  in  the  interior  is  equal  to  six 
atmospheres,  for  example,  the  valve  rises  and  t^ie  vapour  es-pe- 
The  destruction  of  the  apparatus  is  thus  avoided,  and  the  mecha- 


Fig.  211. 
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nism,  which  will  be  described  in  speaking  of  the  steam-engine 
(269)  has  hence  received  the  name  of  safcty-vahie.  The  digester 
is  filled  about  two-thirds  with  water,  and  is  heated  on  a  furnace. 
The  water  may  thus  be  raised  to  a  temperature  far  above  100'^,  and 
the  tension  of  the  vapour  increased  to  several  atmospheres,  accord- 
ing to  the  weight  on  the  lever. 

The  apparatus  has  received  the  name  digester,  from  a  Latin  word 
signifying  to  dissolve,  for  the  high  temperature  which  water  can 
accjuire  greatly  increases  its  solvent  power.    Thus  it  is  used  to 
extract  from  bones  the  substance 
known  as  gtiw,  which  could  not 
be  accomplished  at  100°  C. 

From  the  enormous  elastic 
force  which  vapour  may  acquire 
in  a  closed  vessel,  it  will  be 
understood  how  important  it  is 
not  to  close  tightly  the  vessel, 
in  which  water  is  contained  for 
domestic  purposes.  Thus  a 
hot  water-bottle  for  heating  the 
feet  of  invalids  should  be  un- 
corked before  being  placed  near 
the  fire  ;  for  it  might  burst,  or 
at  any  rate  the  cork  might  be 
driven  out,  and  a  more  or  less 
serious  accident  be  caused.  In 
like  manner,  when  a  locomotive 
stops,  the  steam  must  be  allowed 
to  escape  ;  for  otherwise  as  it  is 
continually  being  formed  in  the 
boiler  without  any  being  con- 
sumed in  working  the  engine,  it 
might  ultimately  acquire  such 
an  elastic  force  that  an  explosion 
would  ensue. 

249.  Measurement  of  the 
elastic  force  of  aqueous  va- 
pour.— The  important  applica- 


Fig.  2:2. 


tions  which  have  been  made  of  the  elastic  force  of  aqueous  vapour, 
have  led  philosophers  to  measure  with  care  the  intensity  of  this  force 
at  various  temperatures. 
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Dcalton  first  measured  the  elastic  force  of  aqueous  vapour  for 
temperatures  between  o°  and  ioo°,  by  means  of  the  apparatus  re- 
presented in  fig.  212.    Two  barometer  tubes,  A  and  B,  are  filled 
with  mercury,  and  inverted  in  an  iron  bath  full  of  mercury,  and 
placed  on  a  furnace.    The  tube,  A,  is  an  ordinary  barometer  tube, 
freed  from  air  and  moisture;  but  into  the  tube,  B,  is  introduced  a 
small  quantity  of  water.    The  tubes  are  supported  in  a  cylindrical 
vessel  full  of  water,  the  tempei-ature  of  which  is  indicated  by  the 
thermometer  t.    The  bath  being  gradually -heated,  the  water  in  the 
cylinder  becomes  heated  too  :  the  .water  which  is  in  the  tube  B 
vaporises,  and  in  proportion. as  the  elastic  .force  of  its  vapour  in- 
creases, the  mercury  sinks.    The  depressions  of  the  mercury  cor- 
responding to  each  degree  of  the  thermometer  are  indicated  on  the 
scale.    Thus,  if,  when  the  thermometer  is  at  70°,  the  mercury  is  233 
millimetres  lower.in  the  tube  B  than  in  the  tube  A,  this  shows  that  at 
70°  the  tension  of  aqueous  vapour  is  233  milhmetres  ;  which  amounts 
to  saying  that  .it  exercises  on  the.sides  of  the  vessel  which  contains  it 
apressure  equaLto  the  weight  of  a  column  of  mercury  233  milhmetres 
in  height. 

By  noting  in  the  above  manner  the  depression  in  the  baro- 
meter, B,  as  compared  with  A,  Dalton  determined  the  elastic  force 
of  aqueous  vapour  from  o  to  100°.  He  found  it  to  be  760  milli- 
metres, or  29-92  inches  ;  that  is  to  say,  one  atmosphere  (119). 

Dulong  and  Arago  determined  the  elastic  force  of  aqueous 
vapour  above  .100°  uj)  to  pressures  of  24  atmospheres.  More 
recently  Regnault  measured  the  elastic  foi-ce  of  aqueous  vapour 
both  above  and  below  100°.;  and  from  tloe  researches  of  this 
experimenter  the  following  table  has  been  taken,  in  which  the  elas- 
tic forces  at  various  temperatures  are  respectively  measured  by  the 
height  in  miUimetres  of  the  column  of  mercury  which  they  can 
balance. 

Elastic  force  of  aqueous  vapour. 


Temperatures 

Ten.sions-in 
millimetres 

Temperatures 

Tensions  in 
millimetres 

0 

5 

10 

15 

20 

30 
40 

50 

4-60 

6-53 

9-17 
12-70 

17-39 
31-55 
54-91 
91-98 

60 
70 
80 
90 
100 
lOI 
120 
160 

148-79 
233-09 
35464 

525-45 
760-00 

787-63 
1520-00 
4580-00 
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This  table  shows  that  the  elastic  force  of  aqueous  vapour  in- 
creases far  more  rapidly  than  the  temperature.  Thus  at  50°  the 
tension  is  only  grg  millimetres  ;  while  at  100  degrees,  that  is  to 
say,  double  the  temperature,  the  tension  is  eight  times  as  great. 

250.  measurement  of  heights  by  the  boiling  point. — From 
the  connection  between  the  boiling  point  of  water  and  the  pressure, 
the  heights  of  mountains  may  be  measured  by  the  thermometer 
instead  of  by  the  barometer.  Suppose,  for  example,  it  is  found 
that  water  boils  on  the  summit  of  a  mountain  at  90°,  and  at  its  base 
at  98°  ;  at  these  temperatures  the  elastic  force  or  tension  of  the 
vapour  is  equal  to  that  of  the  pressure  on  the  liquid,  that  is,  to  the 
pressure  of  the  atmosphere  at  the  two  places  respectively.  Now 
the  tensions  of  aqueous  vapour  for  various  temperatures  have  been 
determined,  and  accordingly  the  tensions  corresponding  to  the  above 
temperatures  are  sought  in  the  .tables.  These  numbers  represent 
the  atmospheric  pressures  at  the  two  places  :  in  other  words,  they 
give  the  barometric  heights,  and  from  these  the  height  of  the 
mountain  may  be  calculated  by  the  method  already  given  (129). 
An  ascent  of  about  1080  feet  produces  a  lowering  of  1°  C.  in  the 
boiling  point. 

The  instruments  used  for  this  purpose  are  called  therjiio-baro- 
vieters  or  hypsometers,  and  were  first  apjplied  bj  Wollaston.  They 
consist  essentially  of  a  small  metal  vessel  for  boiling  water,  fitted 
with  very  delicate  thermometers,  which  are  only  graduated  from 
80°  to  100°  ;  so  that  each  degree  occupying  a  considerable  space  on 
the  scale,  the  loths,  and  even  the  looths,  of  a  degree  may  be 
estimated,  and  thus  it  is  possible  to  detennine  the  height  of  a  place 
by  means  of  the  boiling  point  to  within  about  10  feet. 

251.  Iiatent  heat  of  vapour. — In  speaking  of  ebullition  we 
have  seen  that,  from  the  moment  a  liquid  begins  to  boil,  its  tempera- 
ture ceases  to  rise  whatever  be  the  intensity  of  the  source  of  heat. 
It  follows  that  a  considerable  quantity  of  heat  becomes  absorbed  in 
ebullition,  the  only  effect  of  which  is  to  transform  the  body  from 
the  liquid  to  the  gaseous  condition.  And  conversely,  when  a 
saturated  vapour  passes  into  the  state  of  liquid,  it  gives  out  an 
amount  of  heajt. 

These  phenomena  were  first  observed  by  Black,  and  he  de- 
scribed them  by  saying  that,  during  vaporisation,  a  quantity  of  sen- 
sible heat  became  latent,  and  that  the  latent  heat  again  became  free 
during  condensation.  The  quantity  of  heat  which  a  liquid  must 
absorb  in  passing  from  the  liquid  to  the  gaseous  state,  and  which 
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it  gives  out  in  passing  from  the  state  of  vapour  to  that  of  liquid,  is 
spoken  of  as  the  latent  heat  of  evaporation. 

The  analogy  of  these  phenomena  to  those  of  fusion  will  be  at 
once  seen.  The  modes  of  determining  them  need  not  be  described  ; 
but  the  following  results  which  have  been  obtained  for  the  latent 
heats  of  evaporation  of  a  few  liquids  may  be  here  given  : — 

Water  ....  540  Bisulphide  of  carbon .  .  87 
Alcohol  .  .  .  .208  Turpentine  ...  74 
Ether      ....     90       Bromine    .       .       •       •  ^^ 

The  meaning  of  these  numbers  is,  in  the  case  of  water,  for  in- 
stance, that  it  requires  as  much  heat  to  convert  a  pound  of  water 
from  the  state  of  liquid,  at  the  boiling  point,  to  that  of  vapour  at  the 
same  temperature,  as  would  raise  a  pound  of  water  through  540 
degrees,  or  540  pounds  of  water  through  one  degree  ;  or  that  the 
conversion  of  one  pound  of  vapour  of  alcohol  at  78°  into  liquid 
alcohol  of  the  same  temperature  would  heat  208  pounds  of  water 
through  one  degree. 

252.  Cold  due  to  evaporation.— Whatever  be  the  temperature 
at  which  a  vapour  is  produced,  an  absorption  of  heat  always  takes 
place.  If,  therefore,  a  liquid  evaporates,  and  does  not  receive  from 
without  a  quantity  of  heat  equal  to  that  which  is  expended  in  pro- 
ducing the  vapour,  its  temperature  sinks,  and  the  cooling  is  greater 
in  proportion  as  the  evaporation  is  more  rapid. 

This  may  become  a  source  of  very  great  cooling.  Thus  if  a 
few  drops  of  ether  be  placed  on  the  hand,  and  this  be  agitated 
to  accelerate  the  evaporation,  great  cold  is  experienced.  With 
liquids  which  are  less  volatile  than  ether,  like  alcohol  and  water, 
the  same  phenomenon  is  produced,  but  the  cooling  is  less  marked. 

On  coming  out  of  a  bath,  and  more  especially  in  the  open  air 
and  with  some  wind,  a  very  sharp  cold  is  experienced,  due  to  the 
vapour  formed  on  the  surface  of  the  body.  Moist  hnen  is  cold  and 
injurious,  because  it  withdraws  from  the  body  the  heat  which  the 
moisture  requires  for  evaporation. 

The  cooling  effect  produced  by  a  wind  or  draught  does  not 
necessarily  arise  from  the  wind  being  cooler,  for  it  may,  as  shown 
by  the  thermometer,  be  actually  warmer  ;  but  arises  from  the 
rapid  evaporation  it  causes  from  the  surface  of  the  skm.  We  have 
the  feeling  of  oppression,  even  at  moderate  temperatures,  when  we 
are  in  an  atmosphere  saturated  by  moisture  in  which  no  evaporation 
takes  place. 
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The  cooling  produced  by  the  use  of  fans  is  due  to  the  increased 
evaporation  they  produce.  The  freshness  occasioned  by  watering 
the  streets  is  also  an  effect  of  evaporation. 

The  cold  produced  by  evaporation  is  used  in  hot  climates  to  cool 
water  by  means  of  alcarrasas.  These  are  porous  earthen  vessels, 
through  which  water  percolates,  so  that  on  the  outside  there  is  a 
continual  evaporation,  which  is  accelerated  when  the  vessels  are 
placed  in  a  current  of  air.  For  the  same  reason  wine  is  cooled  by 
wrapping  the  bottles  in  wet  cloths  and  placing  them  in  a  draught. 

253.  "Water  and  mercury  frozen  in  a  vacuum. — From  the 
great  quantity  of  heat  which  disappears 
whenever  a  liquid  is  converted  into  va- 
pour, it  will  be  seen  that  by  accelerating 
the  evaporation  we  have  a  means  of  pro- 
ducing intense  cold.  We  have  seen  that 
liquids  vaporise  more  rapidly  the  lower 
the  pressuie.  Hence,  if  a  vessel  contain- 
ing water  be  placed  in  a  space  from  which 
the  air  is  exhausted,  it  should  cool  very 
rapidly. 

Leslie  succeeded  in  freezing  water  by 
means  of  rapid  evaporation.  Under  the 
receiver  of  the  air-pump  is  placed  a  vessel 
containing  strong  sulphuric  acid,  a  sub- 
stance which  has  a  great  affinity  for 
water,  and  above  it  a  thin,  shallow, 
porous  capsule  (fig.  213),  containing  a 
small  quantity  of  water.  By  exhausting  the  receiver  the  water 
begins  to  boil,  and  since  the  vapours  are  absorbed  by  the  sulphuric 
acid  as  fast  as  they  are  formed,  a  rapid  evaporisation  is  produced, 
which  quickly  effects  the  freezing  of  the  water. 

By  using  liquids  more  volatile  than  water,  more  particularly 
liquid  sulphurous  acid,  which  boils  at  -10°,  a  degree  of  cold  is 
obtained  sufficiently  intense  to  freeze  mercury.  The  experiment 
may  be  made  by  covering  the  bulb  of  a  thermometer  with  cotton 
wool,  and  after  having  moistened  it  with  liquid  sulphurous  acid, 
placing  it  under  the  receiver  of  the  air  pump.  When  a  vacuum  is 
produced  the  mercury  is  quickly  frozen. 

Thilorier,  by  directing  a  jet  of  liquid  carbonic  acid  on  the  bulb 
of  an  alcohol  thermometer,  obtained  a  cold  of  -100°  without  freezin^^ 
the  alcohol.    With  a  mixture  of  solid  carbonic  acid,  liquid  pro'^ 


Fig.  213. 


254 


On  Heat. 


[253- 


toxide  of  nitrogen  and  ether,  M.  Despretz  obtained  a  sufficient 
degree  of  cold  to  reduce  alcohol  to  the  viscous  state. 

By  means  of  the  evaporation  of  bisulphide  of  carbon  the  forma- 
tion of  ice  may  be  illustrated  without  the  aid  of  an  air-pump.  A 
little  water  is  dropped  on  a  small  piece  of  wood,  and  a  capsule  of 
thin  copper  foil,  containing  bisulphide  of  carbon,  is  placed  on  the 
water.  The  evaporation  of  the  bisulphide  is  accelerated  by  means 
of  a  pair  of  bellows,  and  after  a  few  minutes  the  water  freezes  round 
the  capsule,  so  that  the  latter  adheres  to  the  wood. 

in  the  East  Indies  ice  is  formed  even  at  a  temperature  of  8  to 
io°  C.  provided  the  nights  are  clear  and  bright.  For  this  purpose 
water  is  exposed  in  flat  porous  vessels,  which  are  placed  in  shallow 
pits  lined  with  bad  conductors  such  as  straw.  The  water  percolates 
through  the  porous  vessel,  and  there  evaporating,  withdraws  so  much 
heat  from  the  vessel  and  from  the  rest  of  the  water  that  it  freezes. 


CHAPTER  VIII. 
LIQUEFACTION  OF  VAPOURS  AND  GASES. 

254.  liquefaction  of  vapours. — ^\\&  liquefaction  or  condensa- 
tion of  vapours  is  their  passage  from  the  aeriform  to  the  liquid 
state.  Condensation  may  be  aue  to  three  causes— ^f^i»//;/^,  com- 
pression, or  chemical  affinity. 

When  vapours  are  condensed,  their  latent  heat  becomes  free, 
that  is,  it  affects  the  thermometer.  This  is  readily  seen  when  a 
current  of  steam  at  100°  is  passed  into  a  vessel  of  water  at  the  ordi- 
nary temperature.  The  liquid  becomes  rapidly  heated,  and  soon 
reaches  100°.  The  quantity  of  heat  given  up  in  liquefaction  is  equal 
to  the  quantity  absorbed  in  producing  the  vapour. 

Liquefaction  by  chemical  affinity.— The  affinity  of  certain  sub- 
stances for  water  is  so  great  as  to  condense  the  vapours  in  the 
atmosphere,  even  when  they  are  far  from  their  point  of  saturation. 
Thus,  when  highly  hygroscopic  substances,  such  as  quicklime, 
potass,  sulphuric  acid,  are  exposed  in  the  air,  they  always  absorb 
aqueous  vapour.  Certain  varieties  of  common  salt  exposed  to  the 
air  absorb  and  condense  so  much  aqueous  vapour  as  to  become 
.liquid.  Many  other  salts  have  the  same  property,  and  are  hence 
called  deliquescent  salts. 
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Liquefaction  by  pressure. — Let  us  suppose  a  vessel  containing 
aqueous  vapour,  a  cylinder  for  instance,  and  in  this  cylinder  a 
piston  which  can  be  depressed  at  will,  like  that  represented  in  fig. 
4,  page  9.  When  the  piston  is  depressed,  the  vapour  behaves  like 
a  true  gas,  as  it  is  not  at  first  in  a  state  of  saturation,  the  pressure 
increasing  its  elastic  force  and  density  without  liquefying  it.  But 
the  more  the  pistonùs^depressedj  the  smaller  does  the  volume  of 
the  vapour  become,  and' a  point  is  ultimately  reached  at  which  the 
vapour  present  is  just  sufficient  to  saturate  the  space.  From  this 
point  the  slightest  increase  of  pressure  causes  a  portion  of  vapour 
to  pass  into  the  liquid' state,  and  the  liquefaction  continues  as  long 
as  the  excess  of  pressure  lasts  ;  so  that  if  the  piston  descends  to  the 
bottom  of  the  cylinder  all  the  vapour  is  condensed.  In  this  ex- 
periment it  is  to  be  observed,  that  when  once  saturation  is  attained, 
provided  there  is  no  air  in  the  cylinder,  the  resistance  to  the  de- 
pression of  the  piston  doesnot  increase  in  proportion  as  it  descends, 
which  arises  from  the  condensation  of  the  vapour,  and  confimis 
what  was  previously  said'  (221.2),  as  to  the  maximum  tension  ot 
vapour  in  a  state  of  saturation. 

Liquefaction  by  cooling. — Cooling,  as  well  as  pressure,  only 
causes  vapours  to  liquefy  when  they  are  in  a  state  of  saturation. 
But  when  once  a  given  space  is  saturated,  the  slightest  lowering  ot 
teriperature  takes  from  the  vapours  the  heat  which  gives  them  their 
condition,  the  attraction  between  the  molecules  preponderates,  they 
agglomerate,  forming  extremely  small  droplets,  which  float  in  the 
air  and  are  deposited  on  the  surrounding  bodies. 

■Vapours  are  ordinarily  condensed  by  cooling.  Thus,  the  vapours 
exhaled  from  the  nose  and  mouth  of  animals  first  saturate  the 
colder  air  in  which  they  are  disengaged,  and  they  then  condense 
with  a  cloud-like  appearance.  Owing  to  the  same  phenomenon 
the  vapours  become  visible  which  are  disengaged  from  boiling 
water,  those  which  rise  from"  chimneys,  the  fogs  formed  above 
rivers,  and  so  forth.  All  these  vapours  appear  more  distinctly  in 
winter  than  in  summer,  for  then  the  air  is  colder,  and  the  conden- 
sation is  more  complete. 

In  cold  weather,  the  windows  in  heated  rooms  are  seen  to  become 
covered  with  dew  on  the  inside.  The  air  of  these  rooms  is  in 
general  far  from  being  saturated  with  vapour,  but  the  layers  of  air 
m  immediate  contact  with  the  windows  become  colder  ;  and  as  the 
quantity  of  vapour  necessary  to  saturate  a  given  space  is  less  the 
colder  the  space,  a  moment  is  reached  at  which  the  air  in  con- 
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taçt  with  the  windows  is  saturated,  and  then  the  vapour  it  con- 
tains is  quickly  deposited.  In  a  time  of  thaw  when  the  air  is 
hotter  on  the  outside  than  on  the  inside,  the  deposit  is  formed  on 
the  outside.  To  the  same  cause  is  due  the  deposit  of  moisture 
formed  on  walls,  which  is  expressed  by  saying  that  they  sweat  ;  an 
unsuitable  expression,  for  the  moisture  does  not  come  from  the  walls 
but  from  the  atmosphere.  The  walls  are  colder  than  the  air,  and 
they  lower  the  temperature  of  the  layers  in  contact  with  them,  and 
condense  the  vapours.  A  similar  effect  is  produced  when  in  summer 
a  bottle  of  wine  is  brought  from  the  cellar,  or  when  a  glass  is  filled 
with  cold  water  ;  a  deposit  of  dew  is  formed  on  the  surface  of  these 
vessels.  The  same  phenomenon  does  not  occur  in  winter,  for  then, 
the  temperature  of  the  atmosphere  being  the  same  as  that  of  the 
bottle,  or  even  lower,  the  layers  of  air  in  immediate  contact  with  it 
are  not  cooled. 

255.  Heat  disengaged  during  condensation. — It  has  been  seen 
that  any  liquid  in  vaporising  absorbs  a  quantity  of  heat.  This  heat 
is  not  destroyed,  for,  in  the  converse  change,  it  reappears  in  the 
sensible  state  ;  that  is  to  say,  it  is  capable  of  acting  on  our  sense  of 
feehng  and  on  the  thermometer.  For  instance,  we  know  that  a 
pound  of  water  absorbs  in  vaporising  540  units  of  heat  (251)  ; 
that  is  to  say,  a  quantity  of  heat  necessary  to  raise  540  pounds  of 
water  from  0°  to  1°  ;  conversely,  a  pound  of  steam  at  100°,  which 
is  liquefied  and  gives  a  pound  of  water  at  100°,  causes  540  units  to 
pass  from  the  latent  to  the  sensible  state,  an  amount  of  heat  which 
is  utilised  in  heating  by  steam. 

256.  Application  to  heatingr  by  steam.— The  quantity  of  heat 
which  becomes  free  when  aqueous  vapour  is  condensed  is  utilised 
in  the  arts  for  heating  private  houses,  hot-houses,  and  public  build- 
ings. Steam  is  produced  in  boilers  like  those  used  in  steam-engines, 
and  passes  from  thence  into  metal  tubes  concealed  behind  the  wain- 
scot or  into  columns  which  serve  at  the  same  time  as  ornaments 
for  rooms.  The  steam  condensing  in  these  tubes  gives  up  a  con- 
siderable quantity  of  heat,  which  they  impart  to  the  suwoundmg  air. 

257  Distillation.  Distillation  \S2S^  operation  by  which 

volatile  liquid  may  be  separated  from  substances  which  it  holds  in 
solution,  or  by  which  two  liquids  of  different  volatilities  may  be 
separated  The  operation  depends  on  the  transformation  of  liquids 
into  vapours  by  the  action  of  heat,  and  on  the  condensation  of  these 

''''^The  Sparalif  used  in  distillation  is  called  a  still.  Its  fonn  may 
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vary  greatly,  but  it  consists  essentially  of  three  parts  :  ist,  the  body, 
A  (fig.  214),  a  copper  vessel  containing  the  liquid,  the  lower  part 
of  which  fits  in  the  furnace  ;  2nd,  the  head,  B,  which  fits  on  the 
body,  and  from  which  a  lateral  tube,  C,  leads  to,  3rd,  the  worm, 
S,  a  long  spiral  tin  or  copper  tube,  placed  in  a  cistern  kept  con- 
stantly full  of  cold  water.  The  object  of  the  worm  is  to  condense 
the  vapour,  by  exposing  a  great  extent  of  cold  surface. 


Fig.  214. 


To  free  ordinary  well  water  from  the  many  impurities  which  it 
contains,  it  is  placed  in  a  still  and  heated.  The  vapour  disen- 
gaged is  condensed  in  the  worm,  and  the  distilled  water  arising 
from  the  condensation  is  collected  in  the  receiver,  D.  The  vapour 
in  condensing,  rapidly  heats  the  water  in  the  cistern,  which  must, 
therefore,  be  constantly  renewed.  For  this  purpose  a  continual 
supply  of  cold  water  passes  into  the  bottom  of  the  cistern,  while 
the  heated,  and  therefore  lighter,  water  rises  to  the  surface,  and 
escapes  by  a  tube  in  the  top  of  the  cistern. 

Brandy  is  obtained  from  wine  by  means  of  distillation.  Wine 
consists  essentially  of  water,  alcohol,  and  colouring  matter  ;  when 
heated  m  a  still  to  a  temperature  between  78°  and  100°,  the  alcohol 
which  boils  at  78°  vaporises,  while  water,  which  only  boils  at  100°^ 

S  ' 
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remains  behind,  or  at  all  events  only  passes  over  in  smnll  quantity. 
The  liquid  resulting  from  this  distillation,  is  brandy,  which  is  in 
effect  dilute  alcohol. 

258.  liquefaction  of  gases.— We  have  already  seen  that  a' 
saturated  vapour,  the  temperature  of  which  is  constant,  is  liquefied 
by  increasing  the  pressure,  and  that,  the  pressure  remaining 
constant,  it  is  brought  into  the  liquid  state  by  diminishing  the 
temperature. 

Unsaturated  vapours  behave  in  all  respects  like  gases.    And  it 
is  natural  to  suppose  that  what  are  ordinarily  called  permmmii 
gases  are  really  unsaturated  vapours.    For  the  gaseous  form  is 
accidental,  and  is'not  inherent  in  the  nature  of  the  substance.  At 
ordinary  temperatures  sulphurous  acid  is  a  gas,  while  in  countries 
near  the  Poles  it  is  a  liquid  ;  in  temperate  climates  ether  is  a  liquid,  , 
at  a  tropical  heat  it  is  a  gas.    And  just  as  unsaturated  vapours 
may  be  brought  to  the  state  of  saturation,  and  be  then  liquefied,  by 
suitably  diminishing  the  temperature  or  increasing  the  pressure,  so, 
by  the  same  means,  gases  may  be  liquefied.    But,  as  they  are 
mostly  very  far  removed  from  this  state  of  saturation,  great  cold  and 
pressure  are  required.    Some  of  them  may  indeed  be  liquefied 
either  by  cold  or  bv  pressure  ;  for  the  majority,  however,  both 
processes  must  be  simultaneously  employed.    Few  gases  can  resist 
these  combined  actions,  and  probably  those  which  have  not  yet 
been  liquefied,  hydrogen,  oxygen,  nitrogen,  binoxide  of  nitrogen, 
and  carbonic  oxide,  would  become  so  if  submitted  to  a  sufficient 
degree  of  cold  and  pressure. 

One  of  the  most  remarkable  experiments  on  the  liquefaction  of 
gases  is  that  made  by  Thilorier  to  liquefy  and  solidify  carbonic 
acid.    The  principle  of  the  method  was  first  devised  and  applied 
by  Faraday.    The  apparatus  used  by  Thilorier  consists  of  two  cast- 
iron  cyhnders  with  very  thick  sides,  of  5  to  6  quarts  capacity  (fig. 
215)     They  are  hermetically  closed,  and  are  connected  by  means 
of  a  leaden  tube.    In  one  of  these  cylinders.  A,  called  the  generator, 
are  placed  the  substances  by  whose  chemical  action  carbonic  acid  is 
evolved     These  are  ordinarily  bicarbonate  of  sodium,  D,  and  sul- 
phuric acid  in  the  tube  C.    The  second  cylinder,  called  the  receiver, 
B  is  empty  ;  and  the  gas  disengaged  by  the  chemical  action  in  the 
generator  distils  over,  and  as  the  receiver  is  colder,  it  condenses  in 
virtue  of  its  increasing  pressure.    As  much  as  two  quarts  of  liqmd 
carbonic  acid  have  thus  been  prepared.         .       ^  , 

At  a  temperature  of  15  degrees  the  tension  of  the  compressed 
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gas  in  the  cylinders  is  not  less  than  50  atmospheres  ;  a  pressure 
which  would  burst  the  vessels  if  they  were  not  solidly  constructed. 
An.  accident  of  this  kind  happened  some  years  ago,  and  caused  the 
death  of  Thilorier's  assistant. 

To  obtain  solid  carbonic  acid,  the  receiver  is  provided  with  a 
stopcock  attached  to  a  tube,  which  dips  in  the  liquid  acid.  On 
opening  this  stopcock  the  liquid  acid  driven  by  pressure  jets  out  ; 
passing  then  from  a  tension  of  50  atmospheres  down  to  a  single 
one,  a  part  of  the  liquid  volatilises  ;  and  in  consequence  of  the 


Fig.  215. 

heat  absorbed  by  this  evaporation,  the  rest  is  so  much  cooled  as 
to  solidify  in  white  flakes  like  snow,  or  anhydrous  phosphoric  acid. 

Solid  carbonic  acid  evaporates  very  slowly.  By  means  of  an 
alcohol  thermometer  its  temperature  has  been  found  to  be  about 
-90°  A  small  quantity  placed  on  the  hand  does  not  produce  the 
sensation  of  such  great  cold  as  might  be  expected.  This  arises 
from  the  imperfect  contact.  But  if  the  solid  be  mixed  with  ether 
the  cold  produced  is  so  intense,  that  when  a  little  is  placed  on  the 
skin  all  the  effects  of  a  severe  burn  are  produced.  A  mixture  of 
these  two  substances  solidifies  four  times  its  weight  of  mercury  in  a 
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few  minutes.  When  a  tube  containing  liquid  carbonic  acid  is 
placed  in  this  mixture  the  liquid  becomes  solid,  and  looks  like  a 
transparent  piece  of  ice. 


CHAPTER  IX. 
SPECIFIC  HEAT.  CALORIMETRY. 

259.  Calorimetry.  Thermal  unit.— The  object  of  calorimetr)' 
is  to  measure  the  quantity  of  heat  which  a  body  parts  with  or 
absorbs,  when  its  temperature  sinks  or  rises  through  a  certain 
number  of  degrees,  or  when  it  changes  its  condition. 

Quantities  of  beat  may  be  expressed  by  any  of  its  effects,  which 
can  be  directly  measured,  but  the  most  convenient  is  the  alteration 
of  temperature  ;  and  quantities  of  heat  are  usually  defined  by  stating 
the  extent  to  which  theyare  capable  ofr  aising  the  temperature  of 
a  known  weight  of  a  known  substance,  such  as  water. 

The  unit  chosen  for  comparison,  and  called  the  thermal  unit,  is 
not  everywhere  the  same.  In  France  it  is  the  quantity  of  heat 
necessary  to  raise  the  temperature  of  nne  kilogramme  of  water 
through  one  degree  Centigrade  ;  this  is  called  a  calorie.  In  this 
book  we  shall  adopt,  as  a  thermal  unit,  the  quantity  of  heat 
necessary  to  raise  one  pound  of  water  through  one  degree  Centi- 
grade: I  calorie  =  2-2  thermal  units,  and  i  thermal  unit  =  0-45 
calorie. 

260.  Specific  Heat.— When  equal  weights  of  two  different  sub- 
stances at  the  same  temperature— mercury  and  water,  for  example- 
are  placed  in  similar  vessels  and  subjected  for  the  san-e  length  of 
time  to  the  heat  of  the  same  lamp,  or  are  placed  at  the  same  dis- 
tance in  front  of  the  same  fire,  it  is  found  that  their  temperatures 
will  differ  considerably  ;  the  mercury  will,  after  a  time,  be  much 
hotter  than  the  water.  But  as,  from  the  conditions  of  the  experi- 
ment they  have  during  this  time  been  each  receiving  the  same 
amount  of  heat,  it  is  clear  that  the  quantity  of  heat  which  is  suffi- 
cient to  raise  the  temperature  of  mercury  through  a  certain  number 
of  decrrees  will  only  raise  the  temperature  of  the  same  quantity  of 
water"  through  a  less  number  of  degrees  ;  in  other  words,  that  it 
requires  more  heat  to  raise  the  temperature  of  water  through  one 
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degree  than  it  does  to  raise  the  temperature  of  mercury  by  the  same 
extent.  Conversely,  if  the  same  quantities  of  water  and  of  mercury 
at  loo'^  C.  be  allowed  to  cool  down  to  the  temperature  of  the  atmo- 
sphere, the  water  will  require  a  much  longer  time  for  this  purpose 
than  the  mercury  ;  hence,  in  cooling  through  the  same  number  of 
degrees,  water  gives  out  more  heat  than  does  mercury. 

It  is  readily  seen  that  all  bodies  have  not  the  same  specific  heat. 
Thus,  if  a  pound  of  mercury  at  ioo°  is  mixed  with  a  pound  of  water 
at  zero,  the  temperature  of  the  mixture  will  only  be  about  3°.  That 
is  to  say,  that  while  the  mercury  has  cooled  through  97°,  the  tem- 
perature of  the  water  has  only  been  raised  3°.  Consequently,  for 
the  same  weight,  water  requires  about  32  times  as  much  heat  as 
mercury  does,  to  produce  the  same  rise  of  temperature. 

If  similar  experiments  are  made  with  other  substances  it  will  be 
found  that  the  cjuantity  of  heat  required  to  effect  a  certain  change 
of  temperature  is  different  for  almost  every  substance,  and  we  spe^k 
of  the  specific  heat  or  calorific  capacity  of  a  body,  as  the  quantity  of 
heat  which  it  absorbs  when  its  temperature  rises  through  a  givea 
range  of  temperature,  from  zero  to  1°  for  example,  compared  with 
the  quantity  of  heat  which  would  be  absorbed  under  the  same  cir- 
cumstances, by  the  same  weight  of  water.  In  other  words,  water 
is  taken  as  the  standard  for  the  comparison  of  specific  heats.  Thus, 
to  say  that  the  specific  heat  of  silver  is  0-057,  means  that  the 
weight  of  heat  which  would  raise  the  temperature  of  any  given 
weight  of  silver  through  1°  C.  would  only  raise  the  temperature 
of  the  same  quantity  of  water  through  0-057°  C,  or  that  the  quantity 
of  heat  which  would  raise  a  given  weight  of  water  through  1°  C. 
would  raise  the  same  weight  of  silver  through  i9°-5  C. 

261.  Determination  of  ttie  specific  heats  of  solids  and  of 
liquids — Three  methods  have  been  employed  for  determining  the 
specific  heats  of  bodies  ;  (i.)  the  method  of  melting  ice,  (ii.)  the 
method  of  mixtures,  and  (iii.)  that  of  coohng.  In  the  latter,  the 
specific  heat  of  a  body  is  determined  by  the  time  which  it  takes  to 
cool  through  a  certain  temperature. 

Method  of  the  fusion  ofice.—T\i\=,  method  of  determining  specific 
heats  is  based  on  the  fact  that  to  melt  a  pound  of  ice  80  thermal 
units  are  necessary,  or  more  exactly  79-25.  The  substance  to  be 
determined  is  raised  to  a  known  temperature,  100°  for  instance,  and 
is  then  rapidly  placed  in  ice.  In  cooling  from  100°  to  zero,  the 
body  melts  a  certain  quantity  of  ice,  which  is  collected  in  the  form 
of  water.    From  the  weight  of  this  water,  from  that  of  the  body, 
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and  from  the  number  of  degrees  through  which  it  is  cooled,  the 
specific  heat  may  be  readily  deduced  by  a  simple  calculation. 

To  facilitate  the  execution  of  this  method,  Lavoisier  and  Laplace 
devised  an  apparatus  which  is  called  the  ice  calorimeter.  Fig.  216 
gives  a 'perspective  view  of  it,  and  fig.  217  represents  a  section.  It 
consists  of  three  concentric  tin  vessels,  M,  A,  B,  each  with  covers 
of  the  same  material  ;  in  the  central  one  is  placed  the  body  M, 
whose  specific  heat  is  to  be  determined,  while  the  two  others,  A  and 
B,  are  filled  with  pounded  ice.  The  ice  in  the  compartment  A  is 
melted  by  the  heated  body,  and  the  water  resulting  from  the  lique- 
faction runs  off  by  the  stopcock  D,  and  is  collected  in  a  vessel  ;  the 
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Fig.  216, 


Fig.  217. 


ice  in  the  compartment  B,  cuts  off  the  heating  influence  of  the  sur- 
rounding atmosphere.  The  stopcock  E  gives  issue  to  the  water 
which  arises  from  the  liquefaction  of  the  ice  in  B. 

Method  of  mixtures.— \rv  determining  the  specific  heat  of  a  solid 
body  by  this  method,  it  is  weighed  and  raised  to  a  known  tempera- 
ture by  keeping  it,  for  instance,  for  some  time  in  a  closed  space 
heated  by  steam  ;  it  is  then  immersed  in  a  mass  of  cold  water,  the 
weight  and  temperature  of  which  are  known.  The  water  becomes 
heated  by  the  beat  given  up  by  the  body  in  cooling,  and  both  are 
ultimately  at  the  same  temperature.  From  this  common  tempera- 
ture from  the  respective  weights  of  the  water  and  of  the  substance, 
and 'lastly  from  their  temperatures  at  the  time  of  mixture,  the  spe- 
cific heat  of  the  body  is  deduced  by  a  simple  calculation. 
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Specific 

Specific 

Substances. 

heats. 

oiibsttinc^s. 

Water  . 

I  '0000 

Zinc 

•    009  .,5 

Turpentine  . 

•  «^•4259 

Copper 

Wood  charcoal 

.  0-2411 

Silver  . 

0-0570 

Sulphur 

.  0-2025 

Tin 

0-0592 

Graphite 

.  0-20l8 

Antimony  . 

0-0507 

Thermometer  glass 

.  0-1976 

Mercury- 

.  0-0333 

Phosphorus  . 

.  0-1895 

Gold  . 

.  0-0324 

Diamond 

.  0-1469 

Platinum 

.  00324 

Iron 

.  0-II38 

Lead  . 

.  0-0314 

Nickel  . 

.  0-1086 

Bismuth 

.  0-0308 

It  will  be  seen  from  the  above  table,  that  water  and  oil  of  tur- 
pentine have  a  much  greater  specific  heat  than  that  of  other  sub- 
stances, and  more  especially  than  the  metals.  It  is  from  its  great 
specific  heat  that  water  requires  a  long  time  in  being  heated  or 
cooled  ;  and  that,  for  the  same  weight  and  temperature,  it  absorbs 
or  gives  out  far  more  heat  than 
other  substances.  This  double 
property  is  applied  in  heating  by 
hot  water,  -and  it  plays  a  most 
important  part  in  the  economy  of 
nature. 

Those  bodies  which  have  great 
specific  heat,  and  therefore  which 
require  a  great  quantity  of  heat  to 
raise  them  through  a  given  tempe- 
rature, also  in  cooling  through  the 
same  range  give  out  a  great  quantity. 
This  difference  between  bodies  as  to 
the  quantities  of  heat  they  contain 
may  be  illustrated  by  a  simple  ex-  Fig.  zis. 

périment.  A  number  of  small  bullets  of  various  metals,  iron, 
lead,  bismuth,  and  copper,  are  heated  to  a  temperature  of  about 
200°  C.  by  immersing  them  in  hot  oil  ;  they  are  then  placed  on  a 
cake  of  bees-wax,  c  D,  about  half  an  inch  in  thickness  (fig.  218).  It 
will  then  be  found  that  the  iron  and  copper  melt  themselves 
through,  while  the  lead  and  bismuth  make  but  little  way,  being 
unable  to  sink  much  more  than  half  their  way  through  the 
wax. 
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CHAPTER  X. 


STEAM  ENGINES. 


262.  Invention  of  the  steam  engrine. — Steam  engines  are  un- 
doubtedly the  most  important  of  the  apphcations  of  the  physical 
sciences  to  the  arts.  Based  on  the  very  great  elastic  force  which 
aqueous  vapour  assumes  at  a  high  temperature  (249),  and  on  the 
condensation  of  this  vapour  by  cooling  (254),  steam  engines  have 
created,  in  a  small  volume  and  at  small  expense,  very  considerable 
motive  powers. 

Their  importance  has  caused  much  discussion  and  investigation 
as  to  their  inventor,  or  rather  inventors  ;  for  it  is  only  by  the  suc- 
cessive efforts  of  several  men  of  genius  that  these  machines  have 
attained  their  present  simplicity  and  precision. 

The  history  of  the  steam  engine  commences  with  Hero,  the  in- 
ventor of  the  fountain  which  bears  his  name,  who  invented,  nearly 
two  thousand  years  ago,  a  steam  tourniquet,  known  as  the  eolipyle, 
analogous  to  the  hydraulic  tourniquet  (fig.  61).  The  names  of 
Salomon  of  Caux,  and  then  of  the  Marquis  of  Worcester,  are  men- 
tioned in  the  history  of  the  steam  engine. 

Denis  Papin,  a  French  physicist,  to  whom  is  due  the  apparatus 
already  described  (248),  was  the  first  who  caused  a  piston  to 
ascend  in  a  vertical  cylinder,  closed  at  the  bottom  and  open  at  the 
top,  by  means  of  the  elastic  force  of  steam,  and  to  descend  by  con- 
densing this  vapour  by  cooling  ;  so  that  the  piston  which  descended 
in  virtue  of  atmospheric  pressure  had  an  up  and  down  motion  in 
the  cylinder,  which  is  still  the  principle  of  all  steam  engines. 
Papin,  who  was  a  Protestant,  was  obliged  to  fly  from  France  in 
consequence  of  the  revocation  of  the  Edict  of  Nantes,  and  the 
description  and  plan  of  his  machine  was  published  in  Gennany  in 
1690.  He  even  made  a  model  large  enough  to  move  a  boat  by 
means  of  paddle-wheels.  In  this  model  there  was  water  under- 
neath the  piston  at  the  bottom  of  the  cylinder.  When  a  furnace 
was  placed  under  this,  the  water  was  converted  into  steam,  and  its 
elastic  force  raised  the  piston  ;  when  the  piston  was  at  the  top  of 
its  course  the  furnace  was  withdrawn  ;  the  cylinder  cooling,  the 
steam  was  condensed,  and  the  piston  sank. 
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In  1705  Nevvcomen  and  Cawley  constructed  a  steam  engine,  or 
'  fire-pump,'  as  it  was  then  called,  the  object  of  which  was  to  drain 
mines.  In  this  engine  the  steam  was  produced  separately,  in  a 
boiler  m,  below  the  cylinder  c,  containing  the  piston^.  The  con- 
densation also  was  effected  by  cold  water  from  a  cistern,  «,  being 
injected  into  the  cylinder  through  a  cock,  b.  This  was  opened  when 
the  piston  was  to  descend,  and  was  closed  after  the  descent  ;  a 
second  one,  a,  was  opened  through  which  steam  entered,  and  so 
on.    But  the  sides  of  the  cylinder  being  cooled  by  this  injection 
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of  cold  water,  the  steam  which  filled  it  was  partially  condensed, 
until  the  sidês  were  again  heated  ;  there  was  thus  a  considerable 
loss  of  steam,  and  therefore  of  fuel.  The  condensed  water  flowed 
out  by  a  pipe,  at  the  end  of  which  was  the  valve  v,  which  opened 
as  the  piston  /  descended,  w  w  \s  the  beam  by  which  the  motion 
IS  transmitted  to  the  pump  rod,  d. 

263.  Watt's  improvements  in  the  steam  engine  James 

Watt,  a  mathematical  instrument  maker  in  Glasgow,  had  to  repair 
the  model  of  a  Newcomen's  engine  belonging  to  the  physical  cabinet 
of  the  University.    Struck  by  the  enormous  quantity  of  steam  and 
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of  condensing  water  used  by  this  engine,  he  entered  upon  a  long 
series  of  researches  and  improvements,  which  he  pursued  with  ad- 
mirable perseverance  for  fifty  years,  without  ever  being  content  with 
the  success  he  obtained.  Tlius  it  was  that  Newcomen's  machine, 
successively  changed  and  improved  in  all  its  parts,  at  last  really 
became  Watt's  machine. 

Condenser.  Watt's  first  and  principal  invention  was  the  co7idenser. 
This  name  is  given  to  a  closed  vessel  quite  distinct  from  the  cylin- 
der in  which  the  piston  moves,  and  only  connected  with  it  by  a  tube 
provided  with  a  stopcock.  In  this  vessel  cold  water  is  injected, 
and  the  vapour  is  condensed  by  opening  the  connecting  stopcock. 
Thus  as  the  side  of  the  cylinder  is  not  cooled,  all  the  steam  which 
enters  there  is  utilised.  Thus  there  was  effected  so  great  an  economy 
of  steam,  and  therefore  of  fuel,  that  Watt,  and  Boulton  his  partner, 
having  taken  a  patent,  realised  great  profits  by  only  requiring,  for 
a  certain  number  of  years,  a  third  of  the  saving  in  the  consumption 
of  coal,  as  compared  with  Newcomen's  engine. 

Si7igle-acting  engine.    In  Newcomen's  engine,  the  cylinder  of 
which  was  open  at  the  top,  the  steam  only  lifted  the  piston  ;  and 
then,  when  the  steam  was  condensed,  the  pressure  of  the  atmosphere 
brought  it  down  again  ;  whence  the  name  atmospheric  engine,  by 
which  it  was  designated.    As  the  piston  descended,  air  penetrated 
into  the  cylinder  and  cooled  the  sides,  in  consequence  of  which  a 
portion  of  the  vapour  which  penetrated  into  the  cylinder  was  con- 
densed until  the  sides  were  again  heated.    To  remove  this  source 
of  loss.  Watt  closed  the  cylinder  altogether,  and  caused  the  vapour 
to  act  above  the  piston,  so  as  to  make  it  descend  ;  then  by  an  ar- 
rangement of  stopcocks,  alternately  opened  and  closed  by  the  action 
of  the  engine  itself,  the  steam  passed  simultaneously  above  and  below 
the  piston.    This,  being  pressed  equally  in  opposite  directions,  re- 
mained in  equilibrium  ;  so  that  a  simple  counterpoise  acting  by 
means  of  a  lever  at  the  end  of  a  piston  rod  raised  the  piston 
again,  and  so  on.    This  machine,  into  which  air  did  not  enter,  and 
where  the  atmospheric  pressure  did  not  act,  was  called  the  single- 
acting  engine,  to  express  that  the  steam  had  a  useful  action  on  only 

one  side  of  the  piston.  •  ,  j 

The  single-acting  engine  had  the  great  disadvantage  that  it  had 
no  real  force  except  when  the  piston  was  descending.  It  could 
transmit  motion  to  pumps  for  emptying  mines,  because,  for  that, 
effort  in  only  one  direction  was  required  ;  but  it  would  not  furnish 
a  sufficiently  regular  motion  for  many  industries-for  cotton  manu- 
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factures,  for  instance.  Hence  Watt's  task  was  not  completed  ;  and 
he  was  not  long  in  finding  another  plan. 

Double-acting  engine. — In  this  engine,  one  form  of  which  we 
shall  presently  describe,  and  which  is  represented  in  fig.  220,  the 
cylinder  is  closed  both  at  top  and  at  the  bottom,  but  the  steam  acts 
alternately  on  the  two  faces  of  the  piston  ;  that  is  to  say,  that  by  a 
system  of  stopcocks,  opened  and  closed  by  the  engine  itself,  when 
the  lower  part  of  the  cylinder  communicates  with  the  condenser,  the 
upper  part,  on  the  contrary,  is  connected  with  the  boiler,  and  the 
steam,  acting  in  all  its  force  on  the  piston,  causes  it  to  descend. 
Then  when  this  is  at  the  bottom  of  its  stroke  the  parts  change  ;  the 
top  of  the  cylinder  is  in  connection  with  the  condenser,  and  the  bottom 
with  the  boiler  ;  the  piston  rises  again  and  so  forth,  whence  results 
an  alternating  rectilinear  motion  which  is  changed  into  a  continuous 
circular  motion,  as  will  be  presently  described  (265). 

Air-pump.  Watt  completed  his  engine  by  the  addition  of  three 
pumps,  which  are  worked  by  the  engine,  and  play  an  important 
part.  For  the  cold  water  of  the  condenser  becomes  rapidly  heated 
by  the  heat  which  the  steam  gives  up  to  it  (255),  and  this  water, 
soon  reaching  100  degrees,  would  no  longer  condense  the  steam. 
Moreover  the  air,  which  is  always  dissolved  in  cold  water,  is  libe- 
rated in  the  boiler,  owing  to  the  increase  in  temperature  Now  this 
air,  passing  both  above  and  below  the  piston,  would  soon  stop  its 
motion.  To  prevent  these  two  injurious  effects,  Watt  applied  to 
the  engine  a  suction-pump,  which  continually  withdrew  from  the 
condenser  the  air  and  water  which  tended  to  accumulate  there. 

Feed-pump  and  cold-%vater-pwnp.  The  two  other  pumps  which 
Watt  added  are  the  feed-pump  and  the  cold-water-pump.  The 
first  is  a  force-pump  which  sends  into  the  boiler  the  hot  water  with- 
drawn from  the  condenser  by  the  air-pump,  thus  producing  a  con- 
siderable saving  in  fuel.  The  other  is  a  suction-pump,  which  raises, 
either  from  a  well  or  a  river,  or  some  other  source,  the  cold  water 
intended  to  replace  that  heated  in  the  condenser  and  withdrawn  by 
the  air-pump. 

Besides  the  important  parts  which  have  thus  been  described,  we 
owe  to  Watt  the  arrangement  for  distributing  the  steam  alternately 
above  and  below  the  piston  :  the  regulator,  whose  function,  when 
the  machine  works  too  slowly,  is  to  admit  more  steam  into  the  cy- 
linder, and,  on  the  other  hand,  to  diminish  the  quantity  when  the 
velocity  is  too  great.  Lastly,  the  parallelogram,  which  imparts  to 
the  piston  rod  a  rectilinear  motion.    We  may  add  that  Watt,  who 
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had  begun  life  as  a  philosophical  instrument  maker,  carried  into  the 
execution  of  these  great  pieces  of  machinery  the  same  perfection  as 
is  required  for  the  best  scientific  instruments. 

264.  Description  of  the  double-acting  enirine. — We  have 
already  seen  that  the  double-acting  engine  is  that  in  which  the 
steam  acts  alternately  above  and  below  the  piston  (263).  Fig.  220 
represents  an  engine  of  this  kind,  and  fig.  224  gives  a  section  of  the 
cylinder,  of  the  piston,  and  of  the  distribution  of  steam.  The  entire 
engine  is  of  iron.  To  the  piston  T  is  fixed  a  rod  A,  which  slides 
with  gentle  friction  in  a  tubulure  U  placed  at  the  centre  of  the  plate 
which  closes  the  cyUnder  (fig.  224).  As  it  is  very  important  that  no 
steam  shall  escape  between  the  piston  rod  and  this  tubulure,  the 
latter  is  formed  of  two  pieces,  one  attached  to  the  plate,  while  the 
other,  which  fits  in  the  first,  can  be  pressed  as  tightly  as  is  desired, 
so  as  to  compress  the  material  soaked  with  fat  which  is  between 
the  two  tubulures.  This  arrangement  is  called  a  stuffing  box  ;  it 
prevents  the  escape  of  steam  without  interfering  with  the  motion  of 
the  piston. 

On  tlie  two  sides  of  the  cyhnder  are  two  columns  h  //,  which 
guide  the  piston  rod  in  its  upward  and  downward  motion.  The  end 
of  the  piston  rod  is  connected  with  a  long  piece  B,  called  the  con- 
necting rod,  which  in  turn  is  jointed  with  a  shorter  piece  M,  called 
the  crank,  the  length  of  which  is  just  half  that  of  the  stroke  of  the 
piston.  This  is  rigidly  fixed  to  a  horizontal  shaft,  D,  so  that  it  can- 
not move  without  transmitting  its  motion. 

By  means  of  this  connecting  rod  and  crank,  the  alternating  rec- 
tilinear motion  of  the  piston  and  of  the  rod  is  changed  into  a  con- 
tinuous circular  motion.  For  the  rod,  during  the  ascent  of  the  piston, 
acts  upwards  upon  the  crank,  making  it  turn  in  the  direction  of  the 
arrow.  When  the  piston  is  at  the  top  of  its  stroke,  the  motion  rod 
and  the  crank  are  one  in  front  of  the  other.  As  the  piston  descends, 
the  motion  rod  again  acts,  so  as  always  to  turn  it  in  the  same  direc- 
tion ;  and  when  the  piston  is  at  the  bottom  of  the  stroke,  they  are 
acrain  vertical,  but  one  in  the  prolongation  of  the  other.  Hence  it 
follows  that  the  axle  which  has  made  half  a  turn  during  the  ascent, 
makes  a  second  one  during  the  descent,  and  tlius  a  complete  revo- 
lution during  each  double  oscillation  of  the  piston. 

To  transmit  the  motion  to  machinery,  on  the  axle  D  is  fixed  a 
sheave  on  which  works  an  cnctless  band  XY  of  leather,  or  of  gutta- 
percha, which  works  on  another  sheave  fixed  to  the  machinery  to 
be  turned     Moved  by  the  first  sheave,  this  band  communicates  its 
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motion  to  the  second  ;  in  this  manner  the  motion  is  transmitted  to 
all  the  workshops  of  a  large  factory.    On  the  right  of  the  fixed 


Fig.  220. 
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sheave,  G,  there  is  a  second,  which  is  not  fixed  to  the  horizontal 
shaft  ;  this  is  the  movable  sheave.  Its  object  is  to  suspend  all  the 
motion  in  the  machine  without  stopping  the  steam  engine.  By 
means  of  an  iron  fork  not  seen  in  the  figure,  which  encloses  the 
band,  the  latter  may  be  slid  from  the  fixed  to  the  movable  sheave. 
As  this  latter  is  not  connected  with  the  horizontal  shaft,  it  does  not 
turn  with  it,  and  does  not  transmit  its  motion  to  the  band. 

On  the  horizontal  shaft  is  a  very  large  iron  wheel,  V,  cahed  the 
fly-wheel,  which  is  necessary  for  keeping  up  the  motion.  For  each 
time  that  the  piston  is  at  the  top  or  bottom  of  its  stroke,  there  is  a 
momentary  arrest,  during  which  the  motion  of  the  whole  machine 
tends  to  stop.  These  are  called  the  dead  points.  It  is  then 
that  the  fly-wheel,  in  virtue  of  its  inertia  and  of  its  acquired 
velocity,  moves  the  horizontal  shaft,  and  thus  keeps  up  a  regular 
motion. 

265.  Excentric.  Valve -chest.— The  excentric  is  an  arrange- 
ment by  which  a  continuous  circular  motion  is  changed  into  an 
alternating  rectilinear  motion.  It  is  very  fi-equently  used  in 
machinery. 

One  of  these  is  fitted  to  the  horizontal  shaft  at  E,  and  the  other 
at  e  The  fonner  works  the  feed-pump,  and  the  latter  the  valve- 
chest.  The  action  of  each  is  the  same.  Figures  221  and  222  repri- 
sent it  on  a  larger  scale,  in  two  diametrically  opposite  positions. 
It  consists  of  a  circular  piece  KE,  fixed  to  the  horizontal  shaft,  but 
in  such  a  manner  that  the  centre  of  rotation  does  not  coincide  with 
the  centre  of  thp  piece  ;  the  latter  being  at  C,  the  foraier  at  O.  It 
follows  from  this  construction  that  the  point  C  constantly  describes 
a  circumference  about  O,  which  is  represented  in  the  drawing  by  a 
dotted  line.  Hence  in  each  half-turn  it  passes  from  the  position 
represented  in  fig.  22 1  to  that  represented  in  fig.  222,  and  vice  versâ. 
So  that  the  point  C,  in  turning  about  the  point  O,  does  really  per- 
form an  up  and  down  motion. 

To  use  this  motion,  the  excentric  is  surrounded  by  a  collar  inn, 
in  which  it  can  turn  freely  like  an  a.sle  in  its  box  :  hence,  during 
the  rotation  of  the  horizontal  shaft,  the  collar  shares  the  ascend- 
in-  and  descending  motion  of  the  point  C,  but  not  its  rotatory 
motion  The  excentric  alone  turns,  the  collar  only  rises  and 
sinks.    By  thus  transmitting  its  motion  to  a  rod  7,  it  works  the 

Valve-chest.    We  have  still  to  describe  the  valve- chest  the  ar- 
rangement by  which  steam  passes  alternately  above  and  below  the 


-265] 


Valve-chest, 


271 


piston.  Fig.  224  presents  a  vertical  section  of  this  valve-chest,  and 
of  the  cylinder.    The  steam  enters  the  valve-chest  from  the  boiler 


Fig.  221. 


by  the  brass  tube  x.  From  the  valve-chest  two  conduits,  a  and  b 
are  connected  with  the  cylinder,  one  above  and  the  other  below! 
If  they  were  both  open  at  once,  the  steam  acting  equally  on  the 
two  faces  of  the  piston  would  keep  it  at  rest.  But  one  of  these  is 
always  closed  by  a  slide  valve,  y ,  fixed  to  a  rod,  z.  This  moves 
alternately,  up  and  down,  by  means  of  an  excentric,  e,  placed 
on  the  horizontal  shaft.  Iri  fig.  224  the  slide-valve  closes  the  con- 
duit a,  and  aUowing  the  steam  to  enter  at  b,  below  the  piston,  the 
latter  rises.  But  when  it  reaches  the  top  of  the  stroke  the  excentric 
has  passed  from  the  position  represented  in  fig.  221  to  that  in 
fig.  222  ;  hence  the  rod,  i,  sinks,  and  with  it  the  slide-valve,  which 
then  closes  the  conduit  b,  and  allows  the  steam  to  enter  at  a 
(fig.  223).  The  piston  then  sinks,  and  so  forth  at  each  displace- 
ment of  the  slide  valve. 

In  completing  this  account  of  the  manner  in  which  steam  is  dis- 
tributed, it  remains  to  explain  what  happens  when  the  steam  presses 
below  the  piston  (fig.  224).  It  must  not  remain  above,  otherwise 
the  piston  could  not  move.  But  while  the  steam  enters  below  bv 
the  conduit  b,  the  top  of  the  cylinder,  by  means  of  the  conduit  a  is 


2/2 


On  Heat. 


[265- 


connected  with  a  cavity  0,  from  which  passes  a  tube  L.  Through 
this  tube  the  steam  which  has  already  acted  upon  the  piston  passes 
into  the  atmosphere,  or  else  is  condensed  in  a  vessel  filled  with 
cold  water,  which  has  been  aheady  mentioned,  the  condenser  (263). 
If,  on  the  other  hand,  the  piston  sinks,  the  shde-valve  being  in 
the  position  of  fig.  223,  the  vapour  below  the  piston  passes  by  the 
conduit  b,  to  the  cavity  O,  and  to  the  tube  L. 


Fig.  223. 


Fig.  224. 


066.  Regulator.— The  object  of  this  arrangement  is  to  regulate 
thequantity  of  steam  which  reaches  the  valve-chest,  increasing  it 
when  the  machine  works  too  slowly  and  diminishing  it  when  it 
works  too  rapidly.  It  consists  of  a  parallelogram  kr,  each  apex  of 
•  which  is  jointed.  A  toothed  wheel,  a,  connected  with  the  horizontal 
shaft,  transmits  its  motion  to  a  similar  wheel,  b,  fixed  to  the  rod  c 
which  supports  the  parallelogram.  This  turns  then  with  the  rod 
the  more  rapidly  the  greater  the  velocity  of  the  machine.  But  the 
two  upper  arms  are  provided  with  two  solid  balls,  m  and  «  ; 
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moreover,  a  socket,  r,  to  which  are  attached  the  two  lower  arms,  is 
not  fixed  to  the  rod  c,  but  can  glide  along  it.  Hence  the  centri- 
fugal force  (29)  acting  on  the  balls  in  and  n  makes  them  diverge, 
the  parallelogram  opens,  and  the  socket  rises.  It  transmits  its 
motion  to  a  lever,  s,  the  short  arm  of  which,  being  lowered,  presses 
upon  a  long  rod,  t.  This,  inclining  the  lever,  O,  effects  a  small  rota- 
tion in  a  valve,  v,  placed  in  the  tube  x,  by  which  steam  comes 
(fig.  224).  This  valve,  either  by  stopping  the  tube  x,  or  by  leaving 
it  open,  admits  more  or  less  steam. 

267.  Feed-pump. — The  object  of  this,  as  its  name  implies,  is  to 
renew  the  water  in  the  boiler  as  fast  as  it  evaporates.  In  fig.  220 
this  pump,  placed  at  0,  on  the  left  of  the  drawing,  receives  its 
motion  from  an  excentric  by  means  of  a  long  rod,  and  it  works  both 
as  cold-wate7-  pump  and  as  feed  pump  ;  as  cold-water  pump,  in- 
asmuch as  it  withdraws  water  from  a  well  by  a  suction-pipe  placed 
below  the  engine  ;  and  as  feed  pump  by  its  then  forcing  water 
into  the  boiler  by  the  pipe  R. 

268.  Various  kinds  of  steam  eng;iaes. — A  low  pressure  efigine 
is  one  in  which  the  pressure  of  the  vapour  is  not  much  more  than 
an  atmosphere  ;  and  a  high  pressure  engine  is  one  in  which  the 
pressure  of  the  steam  usually  exceeds  this  amount  considerably. 
Low  pressure  engines  are  mostly  co?idensing  etigines  :  in  other 
words,  they  generally  have  a  condenser  where  the  steam  becomes 
condensed  after  having  acted  on  the  piston  ;  on  the  other  hand, 
high  pressure  engities  are  frequently  without  a  condenser  ;  the  loco- 
motive is  an  example. 

If  the  communication  between  the  cylinder  and  the  boiler  remains 
open  during  the  whole  motion  of  the  piston,  the  steam  retains  prac- 
tically the  same  elastic  force',  and  is  said  to  act  without  expansion  : 
but  if,  by  a  suitable  arrangement  of  the  slide-valve,  the  steam  ceases 
to  pass  into  the  cylinder  when  the  piston  is  at  f  or  f  of  its  course 
then  the  vapour  expands  ;  that  is  to  say,  in  virtue  of  its  elastic  force' 
which  IS  due  to  the  high  temperature,  it  still  acts  on  the  piston  and 
causes  it  to  finish  its  course.  Hence  a  distinction  is  made  between 
expanding  and  non-expanding  engines. 

The  principle  of  expansion  is  not  applicable  to  low  pressure 
engines,  for  the  elastic  force  of  the  steam  is  not  great.  But  for  hi^^h 
or  mean  pressure  engines  it  not  only  effects  a  great  saving  in  steam 
and  therefore  in  fuel,  but  it  regulates  the  motion,  by  diminishing 
the  pressure  the  moment  the  acquired  velocity  of  the  piston  tends 
to  increase. 
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269.  Work  of  an  eng^ine.  Horse-power. — The  work  of  an 
engine  is  measured  by  the  mean  pressure  on  the  piston,  multiplied 
by  the  area  of  the  piston,  multiplied  by  the  length  of  the  stroke.  In 
England  the  unit  of  work  is  the  foot-pound  ;  that  is,  the  work  per- 
formed in  raising  a  weight  of  one  pound  through  a  height  of  a  foot. 
Thus,  to  raise  a  weight  of  14  pounds  through  a  height  of  20  feet 
would  require  280  foot-pounds.  In  France  the  kilograjnmetre.  is 
used  ;  that  is,  the  work  performed  in  raising  a  kilogramme  through 
a  metre.    This  unit  corresponds  to  7-233  foot-pounds. 
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Fig.  225. 

The  rate  of -work  in  machines  is  the  amount  of  work  performed 
in  a  given  time  ;  a  second  or  an  hour,  for  example  In  England 
the  rates  of  work  are  compared  by  means  of  J,orsc-po7acr,  which  is 
a  conventional  unit,  and  represents  55°  foot-pounds  in  a  second. 
In  France  a  similar  unit  is  used,  called  the  cheval  vvhich 
represents  the  work  performed  in  raising  75  kilogrammes  through 
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a  second.    It  is  equal  to  about  542  foot-pounds  per 


one  metre  m 
second. 

Thus,  suppose  a  steam-engine  with  a  piston,  the  area  of 
which  is  30  square  inches,  and  its  length  of  stroke  18  inches,  and 
that  it  makes  84  up  and  down  strokes  in  a  minute.  Suppose 
further  that  the  mean  pressure  on  the  piston  is  equal  to  14  pounds 
on  a  square  inch.  The  work  that  the  steam-engine  performs  is 
equal  to  30  x  14  x  84  x  2  x  if  =  105,840  foot-pounds  per  minute. 
From  this  must  be  deducted  the  work  expended  in  overcoming  the 
friction  of  the  machine,  working  the  pumps,  etc.  Taking  these  at 
35  per  cent,  there  remains  a  useful  effect  of  11,466  foot-pounds  per 
minute,  which,  from  what  has  been  said  above,  represents  2.\ 
horse-power. 

270.  Steam-l)oiler.— We  have  still  to  describe  the  steam-boiler, 
or  the  arrangement  by  which  the  steam  is  generated,  and  its  various 
accessories.  Fig.  225  gives 
a  longitudinal  and  fig.  226  a 
transverse  section  of  a  steam 
boiler  and  its  furnace.  The 
steam-boiler  consists  of  a  long 
wrought-iron  cylinder,  P  Q 
with  hemispherical  ends.  Be- 
low are  two  cylinders,  B  B, 
of  smaller  diameter,  which 
are  called  heaters,  and  which 
are  connected  with  the  boiler 
by  two  strong  tubes.  The 
object  of  these  heaters  is  to 
expose  a  greater  surface  to' 
be  heated.  They  are  full  of 
water,  as  also  are  the  tubes 

which  connect  them  with  the   -'•-'"^-^■'i   ...i.A,.m.  .i.v'l 

boiler,  which  is  only  half  full.  Fig.  226. 

hv  D^i^f'^^'^'^^^'l  "^^"^^  P"^^P'  '^^  r^^^he^  the  boiler 
by  a  tubulure,  «  which  is  immersed  to  the  bottom  to  prevent  cold 
water  from  condensn.g  steam  ;  a  second  tubulure,  m,  leads  the 
vapour  o  the  valve-chest.  In  the  middle  of  the  boiler  is  an  oval 
hole,  called  a  manhole,  the  object  of  which  is  to  allow  workmen 
P  enter  the  boder  when  it  needs  repair.  This  hole,  as  welU 
two  front  ones^  B  B  of  the  heaters  are  closed  by  whaî  are  call  d 
autoclaves.    Here  the  cover  instead  of  being  on  the  outside  is  on  the 
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inside.  A  screw  T  fixed  to  this  cover  makes  it  press  against  the 
sides  ;  and  as  the  pressure  of  the  steam  acts  in  the  same  direction, 
the  greater  the  pressure  the  more  tightly  is  the  vessel  closed. 

The  furnace  in  which  the  boiler  is  placed  is  so  constructed  as 
to  multiply  the  surface  heated,  and  to  render  the  combustion  as 
complete  as  possible.  The  products  of  combustion  pass  into  tall 
chimneys,  which  from  their  great  height  increase  the  draught  and 
thereby  promote  combustion. 

271.  Float. — This  is  a  small  apparatus,  the  object  of  which  is 
to  show  the  level  of  water  in  the  boiler.  It  consists  of  a  lever, 
at  one  end  of  which  is  a  piece  of  stone,  F,  and  at  the  other  a  counter- 
poise,/, fig.  228.  The  mass  F  weighs  more  than  the  counterpoise 
p  ;  but  as  it  is  immersed  in  water,  and  thus  loses  part  of  its  weight 
(96),  it  is  in  equilibrium,  and  the  lever  is  horizontal  so  long  as  the 
level  of  water  is  at  the  desired  height.  But  it  sinks  when  there 
is  too  little  water,  and  rises  in  the  contrary  direction  when  there 
is  too  much.  Guided  by  these  indications,  the  stoker  can  regulate 
the  supply  of  water. 

272.  Safety-valve. — The  pressure  of  steam  in  the  boiler  is 
measured  by  means  of  the  manometer  (134).    But  this  instrument 

would  not  prevent  explosions  if 
its  indications  were  neglected. 
Hence  on  boilers  safety-valves 
are  placed,  similar  to  that 
which  Papin  adopted  in  his  di- 
gester (248).  Fig.  227  represents 
on  a  larger  scale  one  of  these 
valves.  It  consists  of  a  metal 
stopper,  c,  closing  a  tubulure.  A, 
fixed  on  the  boiler.  To  prevent 
this  from  sticking  to  the  sides, 
the  metal  stopper  is  hollowed  on  three  sides  as  seen  at  s.  It  thus 
more  resembles  a  clack-valve  than  an  ordinary  stopper.  On  the 
piece  rests  a  movable  lever,  ab,  loaded  with  a  weight,/.  By  moving 
this  along  the  lever  the  load  on  the  valve  can  be  modified  at  will. 
For  this  purpose  marks  are  placed  which  indicate  the  position  of 
the  load  which  corresponds  to  a  given  pressure.  Thus,  suppose  it 
is  desired  that  the  pressure  shall  not  exceed  5  atmospheres,  the 
weight  is  placed  at  the  division  5  on  the  lever.  Then,  as  long  as 
the  pressure  is  less  than  5,  the  safety-valve  remains  closed  ;  but, 
if  the  pressure  exceeds  this  amount,  the  valve  opens  and  gives  exit 
to  the  steam,  thus  preventing  an  explosion. 
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273.  Safety-Whistle.— This  is  another  safety  apparatus,  which 
indicates  at  a  distance  when  the  level  of  water  in  the  boiler  is  too 
low.  It  consists  of  a  float,  F  (fig.  228),  supported  by  a  lever,  ih, 
which  moves  about  the  joint  c  ;  a  counterpoise,  p,  balances  the 
float,  and  a  small  conical  stopper,  a,  fixed  to  the  lever,  closes  a 
tubulure  on  the  boiler.  This  tubulure  is  closed  at  the  top  by  two 
hollow  hemispheres.  In  the  centre  of  the  lower  one  is  a  disc,  which 
does  not  quite  reach  the  edges.  Between  the  two  hemispheres  is  a 
circular  interval  through  which  vapour  escapes  when  the  cone  a 
does  not  close  the  tubulure. 

As  long  as  the  water  is  at  the  right  height  the  float  F  is  raised, 
and  presses  the  cone  against  the  tubulure ,  but  if  the  level  sinks, 


Fig,  228. 

the  float  sinks,  and  with  it  the  cone.    The  steam  escapes  round  the 
disc  e,  and  gives  a  very  acute  sound  in  striking  against  the  edaes 
of  the  upper  hemisphere  which  are  bevelled.    The  system  con- 
stitutes, in  fact,  a  short  stopped  organ  pipe,  and  yielding,  therefore 
a  very  acute  sound.  ' 

On  locomotives  a  similar  whistle  enables  the  driver  to  signal  at 
a  great  distance  by  opening  a  stopcock,  which  allows  the  steam  to 
escape. 
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CHAPTER  XI. 

HYGROMETRY. 

274.  Object  of  bygrrometry. — The  object  of  hygroineiry  is  to 
determine  the  quantity  of  aqueous  vapour  contained  in  a  given 
vohime  of  air.  This  quantity  is  very  variable  ;  the  atmosphere 
can  scarcely  be  said  to  be  ever  completely  saturated  with  vapour, 
even  in  our  climate.  Nor  is  it  ever  completely  dry  ;  for  if  hygro- 
métrie substances,  that  is  to  say,  substances  with  a  great  affinity 
for  water,  such  as  chloride  of  calcium,  sulphuric  acid,  etc.,  be  at 
any  time  exposed  to  the  air,  they  absorb  more  or  less  aqueous 
vapour. 

The  degree  of  moisture  does  not  depend  on  the  absolute  quantity 
of  aqueous  vapour  present  in  the  air,  but  on  the  greater  or  less 
distance  of  the  air  from  its  point  of  saturation.  When  the  air  is 
cold,  it  may  be  moist  with  very  little  vapour,  and,  on  the  contrary, 
M'hen  it  is  warm,  it  may  be  very  dry,  even  with  a  large  quantity  of 
vapour.  In  summer  the  air  usually  contains  more  aqueous  vapour 
than  in  wintei^,  notwithstanding  which  it  is  less  moist,  because, 
the  temperature  being  higher,  the  vapour  is  farther  from  its  point 
of  saturation.  When  a  room  is  warmed,  the  quantity  of  moisture  is 
not  diminished,  but  the  moisture  of  the  air  is  lessened,  because  its 
point  of  saturation  is  raised.  The  air  may  thus  become  so  dry  as 
to  be  injurious  to  the  health,  and  hence  it  is  usual  to  place  vessels 
of  water  on  the  stoves  used  for  heating. 

The  quantity  of  vapour  contained  in  the  air  varies  greatly  with 
the  seasons,  the  climates,  the  temperature,  and  various  local  causes. 
A  mean  degree  of  moistui^e  is  best  suited  to  the  animal  economy. 
In  a  state  of  great  dryness,  as  is  the  case  for  instance  during  the 
prevalence  of  north-east  winds,  the  cutaneous  transpiration  is  too 
abundant,  the  skin  dries  up  and  chaps,  and  general  discomfort 
ensues.  In  an  atmosphere  which  is  too  moist,  transpiration  is 
slower  and  a  feeling  of  depression  and  heaviness  is  felt.  Hence  it 
is  necessary  to  regulate  in  a  suitable  manner  the  moisture  of 
dwelling  rooms,  so  as  to  avoid  these  two  e,\tremes. 

275.  Hyg-roscopes. — There  are  two  classes  of  instruments  by 
which  the  hygrométrie  state  of  the  air  may  be  known.  One  class, 
called  hygroscopes,  simply  tell  whether  the  air  is  more  or  less  moist, 
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but  give  no  indications  as  to  the  quantity  of  moisture  it  contains  ; 
others,  called  hygrometers,  enable  us  to  measure  it  with  some 
accuracy. 

All  substances  which  absorb  aqueous  vapour,  like  common  salt 
and  many  others  known  as  deliquescent  salts,  may  serve  as  hygro- 
scopes.  This  is  also  the  case  with  a  gi-eat  number  of  animal 
and  vegetable  substances,  such  as  paper,  parchment,  hair,  cat- 
gut, etc.,  which,  elongating  as  the  air  becomes  moist,  and  con- 
tracting as  it  becomes  dry,  give  an  indication  of  the  greater  or  less 
quantity  of  vapour  in  the  air. 

A  great  number  of  instruments  have  been  constructed  which 
serve  as  hygroscopes.  One  of  the  commonest  is  that  represented  in 
fig.  229.  It  consists  of  a  small  figure  representing  a  monk  fixed 
on  a  support  ;  the  head  is  pro- 
vided with  a  cowl  of  thin  card- 
board, movable  about  the  point 
«,  where  it  is  attached  to  the 
end  of  a  small  piece  of  twisted 
catgut.  The  other  end  of  this 
is  fixed  in  a  tubulure,  as  seen 
in  the  section.  The  catgut 
twisting  as  it  becomes  dry, 
and  untwisting  as  it  is  moist, 
moves  the  cowl,  which  is  care- 
fully arranged  so  that  the  head 
is  covered  when  the  atmosphere 
is  moist,  and  uncovered  when 
it  is  dry. 

This  instrument,  and  all 
others  of  the  same  class,  only 
change  slowly,  and  their  indica- 
tions are  always  behindhand 
with  the  state  of  the  weather  ; 
nor  are  they,  moreover,  very 
exact. 


Fig.  229. 


276.  Hygrométrie  state  of  the  air.— By  this  term  we  do  not 
understand  the  actual  quantity  of  vapour  present,  but  the  ratio  of 
the  quantity  of  vapour  which  the  air  actually  contains  to  that  which 
.t  would  contam  if  it  were  saturated.  Thus,  if  we  say  that  the  air 
IS  three-fifths  saturated,  we  mean  that  it  contains  three-fifths  of  the 
vapour  which  it  would  contain  in  a  state  of  saturation. 
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276  a.  Hydrometers.— The  most  exact  of  all  hygrometers  is  the 

chemical  hygrometer.  This  consists  essentially  of  an  arrangement 
by  which  a  given  measured  volume  of  air  is  passed  through  a  series 
of  drying  tubes— that  is,  tubes  containing  some  hygroscopic  sub- 
stance, such  as  chloride  of  calcium,  or  pumice  saturated  with  sul- 
phuric acid.  These  tubes,  being  previously  weighed,  are  weighed 
again  after  the  operation  ;  an  increase  of  weight  is  observed,  which 
is  due  to  the  moisture  absorbed  by  the  hygroscopic  substance,  and 
this  increase  represents  the  weight  of  the  moisture  in  the  volume  of 
air  taken. 

This  method  is  very  exact,  but  it  is  both  difficult  and  tedious  of 
execution. 

More  convenient  than  the  above  are  what  are  called  condensation 
hygrometers,  in  which  the  vapour  of  the  atmosphere  is  made  to 
condense  on  a  body  artificially  cooled.  This  may  be  illustrated  by 
having  a  small  cup  of  polished  metal  in  which  is  placed  a  lump  of 
ice  and  a  delicate  thermometer.    When  the  vessel  gradually  cools 


the  space  contains  nothing  but  the  vapour  of  ether,  the  ether 
having  been  boiled  before  the  bulb  B  was  sealed.    The  Lulb  1Î 


in  a  moist  atmosphere,  the  layer 
of  air  in  immediate  contact 
with  it  cools  also,  and  a  point  is 
ultimately  reached  at  which  the 
vapour  present  is  just  sufficient 
to  saturate  the  air  :  the  least 
diminution  of  temperature  then 
causes  a  precipitation  of  moisture 
on  the  cup  in  the  form  of  dew. 
When  the  temperature  rises 
again,  the  dew  disappears,  and 
the  mean  of  these  two  tempera- 
tures is  taken  as  the  dew  point. 


Fig.  230. 


A  good  example  of  an  instru- 
ment of  this  class  is  met  with 
in  Daniell's  hygrotnciej:  This 
consists  of  two  glass  bulbs  at 
the  extremities  of  a  glass  tube 
bent  twice  (fig.  230).  The  bulb 
A  is  two-thirds  full  of  ether, 
and  a  very  delicate  thermo- 
meter dips  in  it  ;  the  rest  of 
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is  covered  with  muslin,  and  ether  is  dropped  upon  it.  The  ether 
in  evaporating  cools  the  bulb,  and  the  vapour  contained  in  it  is  con- 
densed. The  internal  tension  being  thus  diminished,  the  ether  in 
A  forms  vapours  which  condense  in  the  other  bulb,  B.  in  propor- 
tion as  ether  distils  from  the  lower  to  the  upper  bulb,  the  ether  in  A 
becomes  colder,  and  ultimately  the  temperature  of  the  air  in  imme- 
diate contact  with  A  sinks  to  that  point  at  which  its  vapour  is  just 
more  than  sufficient  to  saturate  it,  and  the  excess  is  accordingly- 
deposited  on  the  outside  as  a  ring  of  dew  corresponding  to  the  sur- 
face of  the  ether.  The  temperature  of  this  point  is  noted  by  means 
of  the  thermometer  in  the  inside.  The  addition  of  ether  to  the  bulb 
B  is  then  discontinued,  the  temperature  of  A  rises,  and  the  tempe- 
rature at  which  the  dew  disappears  is  noted.  In  order  to  render 
the  deposition  of  dew  more  perceptible,  the  bulb  A  is  made  of 
black  glass. 

These  two  points  having  been  determined,  their 
mean  is  taken  as  that  of  the  dew  point.  The  tem- 
perature of  air  at  the  time  of  the  experiment  is 
indicated  by  the  thermometer  on  the  stem.  The 
tension  f,  corresponding  to  the  temperature  of  the 
dew  point  is  then  found  in  the  table  of  tensions  (249). 
This  tension  is  exactly  that  of  the  vapour  present  in 
the  air  at  the  time  of  the  experiment.  The  tension, 
F,  of  vapour  saturated  at  the  temperature  of  the  at- 
mosphere is  found  by  means  of  the  same  table-  ;  the 
quotient  obtained  by  dividing  /  by  F,  represents 
the  hygrométrie  state  of  the  air.  For  instance,  the 
temperature  of  the  air  being  15°,  suppose  the  dew 
point  is  5°.  From  this  table  the  corresponding 
tensions  are /=6-53  miUimetres,  and  F  =  1270  mil- 
limetres, which  gives  0-514  for  the  ratio  of  /  to  F, 
or  the  hygrométrie  state. 

A  very  convenient  form  of  hygrometer,  and  one 
whose  use  is  gradually  extending,  is  that  known  as 

the  psychrometer  or  wet  bulb  hygronetcr,  which  is   

based  on  the  principle  that  a  moistened  body         Fig.  231. 
.evaporates  in  the  air  more  rapidly  in  proportion  as 
the  air  is  drier  (244)  ;  and,  in  consequence  of  this  evaporation,  the 
temperature  of  the  body  sinks.    The  application  of  the  principle  to 
this  purpose  was  first  suggested  by  Leslie.    The  form  of  the  appa- 
ratus usually  adopted  in  this  country  is  due  to  Mason.    It  consists 
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of  two  delicate  thermometers  placed  on  a  wooden  stand  (fig.  231). 

One  of  the  bulbs  is  covered  with  muslin,  and  is  l<ept  continually 
moist  by  being  connected  with  a  reservoir  of  water  by  means  of  a 
string.  Unless  the  air  is  saturated  with  moisture,  the  wet  bulb 
thermometer  always  indicates  a  lower  temperature  than  the  other, 
and  the  difference  between  the  indications  of  the  two  tliermometers 
is  greater  in  proportion  as  the  air  can  take  up  more  moisture. 

According  to  Glashier  the  temperature  of  the  dew  point  may  be 
obtained  by  multiplying  the  difference  between  the  temperatures  of 
the  wet  and  dry  bulb  by  a  number  which  depends  on  the  temperature 
of  the  air  at  the  time  of  observation,  and  subtracting  the  product 
thus  obtained  from  this  last-named  temperature.  The  following 
ai-e  the  numbers  : 


Dry  bulb 

Factor 

Dry  bulb 
temperature  F.° 

Factor 

temperature  F.° 

Below  24° 

8-5 

34to35° 

2-6 

24t0  25 

7-3 

35—40 

2-5 

25 — 26 

6-4 

40—45 

2-3 

26 — 27 

6-1 

45—50 

21 

27 — 28 

5-9 

So-f5 

2-0 

28 — 29 

57 

55-60  ■ 

1-8 

29 — 30 

5-0 

60—65 

rS 

30—31 

4-6 

65—70 

17 

31—32 

3-6 

70-75 

15 

32—33 

3-1 

75-80 

1-3 

33—34 

2-8 

80—85 

ro 

These  are  often  known  as  Glashier's  factors.  The  temperatures 
are  expressed  on  the  Fahrenheit  scale.  As  an  example  ;  if  tlie 
temperature  of  the  wet  bulb  is  49°  and  that  of  the  dry  bulb  54°,  then 
the  dew  point  is  44°,  that  is  that  at  this  temperature  the  moisture 
present  in  the  atmosphere  is  just  sufficient  to  saturate  it 
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CHAPTER  XII. 

METEOROLOGICAL  PHENOMENA  WHICH  DEPEND  UPON  HEAT. 

277.  IVXeteoroIog:y, — Meteorology  is  that  part  of  physics  which 
is  concerned  with  the  phenomena  which  occur  in  the  atmosphere  ; 
suchj  for  instance,  as  variations  in  the  temperature  of  the  air,  wind, 
rains,  storms,  electrical  phenomena,  etc.  Though  of  recent  origin, 
this  science  is  an  important  application  of  the  physical  sciences, 
and  furnishes  useful  indications  to  navigation,  to  agriculture,  and 
to  hygiene." 

278.  Mean  temperature. — The  nieaii  daily  température,  or 
simply  temperature,  is  that  obtained  by  adding  together  24  hourly 
observations,  and  dividing  by  24.  A  veiy  close  approximation  to 
the  mean  temperature  is  obtained  by  taking  the  mean  of  the 
highest  and  lowest  temperatures  of  the  day  and  of  the  night, 
which  are  determined  by  means  of  the  maximum  and  minimum 
thermometers  (206).  These  ought  to  be  protected  from  the  sun's 
rays,  raised  above,  the  ground,  and  be  far  from  all  objects  which 
might  influence  them  by  their  radiation.  The  lowest  daily  tem- 
perature is  at  4  A.M.,  and  the  highest  at  2  p.m. 

The  temperature  of  a  month  is  the  mean  of  those  of  30  days,  and 
the  temperature  of  the  year  is  the  mean  of  those  of  12  months.  The 
highest  mean  monthly  temperature  is  in  July,  and  the  lowest  in 
January.  The  temperature  of  a  place  is  the  mean  of  its  annual 
temperature,  for  a  great  series  of  years.  The  mean  temperature  of 
London  is  10-35°  C.,  or  50-63°  F.  The  temperatures  in  all  cases 
are  those  of  the  air  and  not  those  of  the  ground. 

279.  Causes  whicb  modify  the  temperature  of  tbe  air. — The 
principal  causes  which  modify  the  temperature  of  the  air  are  the 
latitude  of  a  place,  its  height— that  is,  its  distance  above  the  sca- 
the direction  of  the  winds,  and  the  proximity  of  seas. 

Infjcence  of  the  latitude.  The  temperature  of  the  air  and  of  the 
ground  diminishes  from  the  equator  towards  the  poles.  This  is 
due  to  the  fact  that  the  sun's  rays,  which  are  perpendicular  at  the 
equator,  are  more  and  more  inclined  as  we  come  near  the  poles. 
Now  we  have  seen  (217)  that  the  greater  the  obliquity  under  which 
the  rays  of  heat  fall  upon  a  body,  the  less  is  the  body  heated  ; 
hence  the  heat  absorbed  decreases  from  the  equator  to  the  poles,' 
for  the  rays  are  then  more  oblique.    Yet,  as  in  summer,  the  days 
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are  longer  as  we  get  nearer  the  north,  the  loss  due  to  the  increasing 
obliquity  of  the  sun  is  partially  compensated  by  the  sun  remaining 
longer  above  the  horizon.  Under  the  equator,  where  the  length  of 
the  days  is  constant,  the  temperature  is  almost  invariable  ;  in  the 
latitude  of  London,  and  the  more  northerly  countries,  where  the 
days  are  very  unequal,  the  temperature  varies  greatly  ;  but  in 
summer  it  sometimes  rises  almost  as  high  as  under  the  equator. 
The  lowering  of  the  temperature  produced  by  the  latitude  is  small  ; 
thus  in  a  latitude  of  115  miles  north  of  ours,  the  temperature  is 
only  1°  C.  lower. 

Influence  of  altitude.  The  height  of  a  place  has  a  much  more 
considerable  influence  on  the  temperature  than  its  latitude.  In 
the  temperate  zone  a  diminution  of  1°  C.  corresponds  in  the  mean 
to  an  ascent  of  540  feet. 

The  cooling  on  ascending  in  the  atmosphere  has  been  obser\'ed 
in  balloon  ascents,  and  a  proof  of  it  is  seen  in  the  perpetual  snows 
which  cover  the  highest  mountains,  even  under  the  torrid  zones. 
The  height  at  which  snow  remains  unmelted  through  the  year,  or 
the  line  of  perpetual  snoiv  met  with,  differs  in  different  places.  On 
the  Andes  it  commences  at  a  height  of  14,760  feet,  and  on  the  Alps 
at  8,880  feet. 

Di7-ection  of  winds.  As  winds  share  the  temperature  of  the 
countries  which  they  have  traversed,  their  direction  exercises  great 
influence  on  the  air  in  any  place.  In  our  climate  the  hottest  winds 
are  the  south,  then  come  the  south-east,  the  south-west,  the  west, 
the  east,  the  north-west,  north,  and  lastly,  the  north-east,  which  is 
the  coldest.  The  character  ot  the  wind  changes  wiih  the  seasons  ; 
the  east  wind,  which  is  cold  in  winter,  is  hot  in  summer. 

Proximity  of  the  seas.  The  neighbourhood  of  the  sea  tends  to 
render  the  temperature  of  the  air  uniform,  by  heating  it  in  winter, 
and  cooling  it  in  summer.  The  average  temperature  of  the  sea  in 
equatorial  and  polar  countries  is  always  different  from  that  of  the 
atmosphere.  With  reference  to  the  uniformity  of  the  temperature, 
it  has  been  found  that  in  temperate  regions,  that  is,  from  25°  to  50° 
of  latitude,  the  difl'erence  between  the  maximum  and  minimum 
temperature  of  a  day  does  not  exceed,  on  the  sea,  2°  to  3°  ;  while 
upon  land  it  amounts  to  12°  to  15°.  In  islands  the  uniformity  of 
temperature  is  very  perceptible,  even  during  the  greatest  heats.  In 
continents,  on  the  contrary,  the  winters  for  the  same  latitudes  be- 
come colder,  and  the  difference  between  the  temperature  of  summer 
and  winter  becomes  greater. 
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280.  Gulf  Stream. — A  similar  influence  to  that  of  the  winds 
is  exerted  by  currents  of  warm  water.  To  one  of  these,  the  Gulf 
Stream,  the  mildness  of  the  climate  in  the  north-west  of  Europe  is 
usually  assigned.  This  great  body  of  Avater,  taking  its  origin  in 
equatorial  regions,  flows  through  the  Gulf  of  Mexico,  from  whence 
it  derives  its  name  ;  passing  by  the  southern  shores  of  North 
America  it  makes  its  way  in  a  north-westerly  direction  across  the 
Atlantic,  and  finally  washes  the  coast  of  Ireland  and  the  north-west 
of  Europe  generally.  Its  temperature  in  the  Gulf  is  about  28°  C.  ; 
and  is  generally  a  little  more  than  5°  C.  higher  than  the  rest  of 
the  ocean,  on  which  it  floats  owing  to  its  lower  specific  gravity. 
To  its  influence  is  due  the  milder  climate  of  western  Europe,  as 
compared  with  that  of  the  opposite  coast  of  America  ;  thus  the 
river  Hudson,  which  is  in  the  same  latitude  as  Rome,  is  frozen  over 
three  months  in  the  year.  It  also  causes  the  polar  regions  to  be 
separated  from  the  coasts  of  Europe  by  a  girdle  of  open  sea  ;  and 
hence  the  harbour  of  Hammerfest  is  open  the  year  round.  Besides 
its  influence  in  thus  moderating  climate,  the  Gulf  Stream  is  an 
important  help  to  navigators. 

281.  Xsotbermal  lines. — When  on  a  map  all  the  points  whose 
temperature  is  known  to  be  the  same  are  joined,  curves  are  obtained 
which  Humboldt  first  noticed,  and  which  he  called  isothermal  lines. 
If  the  temperature  of  a  place  only  varied  with  the  obliquity  of 
the  sun's  rays,  that  is,  with  the  latitude,  isothermal  lines  would  all 
be  parallel  to  the  equator  ;  but  as  the  temperature  is  influenced 
by  many  local  causes,  especially  by  the  height,  the  isothermal  lines 
are  always  more  or  less  cun'ed.  On  the  sea,  however,  they  are 
almost  parallel.  A  distinction  is  made  between  isothermal  lines, 
isotheral  titles,  and  isochimenal  lines,  where  the  mean  getierat,  thé 
mean  summer  and  the  mean  winter  temperatures  are  respectively 
constant.  An  isothermal  zone  is  the  space  comprised  between  two 
isothermal  lines.  KupfFer  also  distinguishes  isogeothermal  lijies, 
where  the  mean  temperature  of  the  soil  is  constant.  ' 

282.  Climate.— By  the  climate  of  a  place  is  understood  the 
whole  of  the  meteorological  conditions  to  which  a  place  is  sub- 
jected ;  its  mean  annual  temperature,  summer  and  winter  tem- 
peratures, and  the  extremes  within  which  these  are  comprised 
Some  writers  distinguish  seven  classes  of  climates,  according  to 
their  mean  annual  temperature,  a  hot  climate  from  30°  to  25°  C  •  a 
warm  climate  from  25°  to  20°  C.  ;  a  mild  climate  from  20"  to  1 5°'  C  • 
a  temperate  climate  from  15°  to  10°  C.  ;  a  cold  climate  from  10°  to 
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5°  C.  ;  a  very  cold  climate  from  5°  to  zero,  and  an  arctic  climate 
where  the  temperature  is  below  zero. 

Those  chmates,  again,  are  classed  as  constant  climates,  where 
the  difference  between  the  mean  and  summer  and  winter  tempera- 
tures does  not  exceed  6°  to  8°;  variable  climates,  where  the  differ- 
ence amounts  to  from  16°  to  20°;  and  extreme  climates,  where  the 
difference  is  greater  than  30°.  The  climates  of  Paris  and  London 
are  variable,  those  of  Pekin  and  New  York  are  extreme.  Island 
climates  are  generally  little  variable,  as  the  temperature  of  the 
sea  is  constant  ;  and  hence  the  distinction  between  land  and  sea 
climates. 

There  is  a  great  difference  between  a  land  and  a  sea  climate  (279). 
The  former  is  characterised  by  a  greater  range  of  temperature  than 
the  latter.  Thus  in  the  north-east  of  Ireland  ice  scarcely  forms  in 
winter,  and  the  myrtle  flourishes  as  in  Portugal  ;  yet  this  is  in  the 
same  latitude  as  Konigsberg  in  Prussia  where  the  mean  annual 
temperature  is  5"  C,  the  range  being  from -3°-5,  the  mean  monthly 
temperature  in  January,  to  i3°-6  that  of  July.  Winter  in  Plymouth 
is  not  colder  than  in  Florence,  yet  grapes  do  not  flourish  in  the 
open  air,  for  while  they  can  stand  a  somewhat  severe  cold  in  winter, 
they  require  a  hot  summer  to  ripen  them. 

The  reason  of  this  is  that  the  land  absorbs  and  radiates  heat 
easily;  it  thus  becomes  more  easily  heated  and  more  rapidly 
cooled  than  the  sea,  which,  mainly  from  its  great  specific  heat  is 
not  so  rapidly  heated,  but  on  the  other  hand  does  not  so  soon  again 
part  with  the  heat  it  has  acquired. 

But  the  temperature  is  by  no  means  the  only  characteristic  which 
influences  climates  ;  there  are,  in  addition,  the  moisture  of  the  air, 
the  quantity  and  frequency  of  the  rains,  the  number  of  storms,  the 
direction  and  intensity  of  the  winds,  and  the  nature  of  the  soil. 

FOG.     RAIN.  DEW. 

283.  Fogs  and  mists. — When  aqueous  vapours,  arising  from  a 
vessel  of  boiling  water  diffuse  in  the  colder  air,  they  are  condensed  ; 
a  sort  of  cloud  is  formed  which  consists  of  a  number  of  small 
hollow  vesicles  of  water,  which  remain  suspended  in  the  air.  These 
are  usually  spoken  of  as  vapours,  yet  they  are  not  so,  at  any  rate 
not  in  the  physical  sense  of  the  word  ;  they  are,  in  reality,  partially 
condensed  vapours. 

When  this  condensation  of  aqueous  vapours  is  not  occasioned 


-284] 


Clouds. 


287 


by  contact  with  cold  solid  bodies,  but  takes  place  throughout  large 
spaces  of  the  atmosphere,  the  effect  is  to  form  fogs  or  mists,  which, 
in  fact,  are  nothing  more  than  the  appearance  seen  over  a  vessel  of 
hot  water. 

A  chief  cause  of  fogs  consists  in  the  moist  soil  being  at  a  higher 
temperature  than  the  air.  The  vapours  which  then  ascend  con- 
dense and  become  visible.  In  all  cases,  however,  the  air  must 
have  reached  its  point  of  saturation  before  condensation  takes 
place.  Fogs  may  also  be  produced  when  a  current  of  hot  and 
moist  air  passes  over  a  river  at  a  lower  temperature  than  its  own, 
for  then  the  air  being  cooled,  as  soon  as  it  is  saturated  the  excess 
of  vapour  present  is  condensed. 

The  distinction  between  mists  and  fogs  is  one  of  degree  rather 
than  of  kind.    A  fog  is  a  very  thick  mist. 

284.  Clouds. — Clouds  are  masses  of  vapour,  condensed  into 
little  drops  or  vesicles  of  extreme  minuteness,  like  fogs  and  mists  ; 


I'lg.  232 


from  which  they  only  differ  in  occupying  the  higher  regions  of  the 
atmosphere;  they  always  result  from  the  condensation  of  vapours 
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which  rise  from  the  earth  or  the  sea  ;  a  cloud  is  a  mist  at  a  great 
height  ;  a  mist  is  a  cloud  low  down.  According  to  their  appear- 
ance, they  have  been  divided  by  Howard  into  four  principal  kinds: 
the  nimbus,  the  stratus,  the  cumulus,  and  the  cirrus.  These  four 
kinds  are  represented  in  fig.  232,  and  are  designated  respectively 
by  one,  two,  three,  and  four  birds  on  the  wing. 

The  cirrus  consists  of  small  whitish  clouds,  which  have  a  fibrous 
or  wispy  appearance.  The  name  of  mare^  tails,  by  which  they  are 
generally  known,  well  describes  their  appearance.  Of  all  clouds 
these  are  the  highest,  for  they  present  the  same  appearance  on  the 
tops  of  high  mountains  as  they  do  in  valleys.  Their  height  has 
been  determined  at  20,000  feet.  From  the  low  temperature  of  the 
spaces  which  they  occupy,  it  is  more  than  probable  that  ciiTus 
clouds  consist  of  frozen  particles  ;  and  hence  it  is  that  haloes, 
coronœ,  and  other  optical  appearances,  produced  by  refraction  and 
reflection  from  ice  crystals,  appear  almost  always  in  these  clouds 
and  their  derivatives.  Their  appearance  often  precedes  a  change 
of  weather. 

The  cumulus  are  rounded  spherical  forms  which  look  like  moun- 
tains piled  one  on  the  other.  They  are  more  frequent  in  summer 
than  in  winter,  and,  after  being  formed  in  the  morning,  they  gene- 
rally disappear  towards  evening.  If,  on  the  contrary,  they  become 
more  numerous,  and  especially  if  surmounted  by  cirrus  clouds,  rain 
or  storms  may  be  expected. 

Stratus  clouds  consist  of  very  large  and  continuous  horizontal 
sheets,  which  chiefly  form  at  sunset,  and  disappear  at  sunrise. 
They  are  frequent  in  autumn  and  unusual  in  spring  time,  and  are 
lower  than  the  preceding. 

The  nimbus  or  rain  clouds,  which  are  sometimes  classed  as  one 
of  the  fundamental  varieties,  are  properiy  a  combination  of  the 
three  preceding  kinds.  They  affect  no  particular  form,  and  are 
solely  distinguished  by  a  uniform  grey  tint,  and  by  fringed  edges 
They  are  indicated  on  the  right  of  the  figure  by  the  presence  of 

""^The'^fundamental  forms  pass  into  one  another  in  the  most  varied 
manner-  Howard  has  classed  these  transitional  forms  as 
cumubis  cirro-stratus,  and  cumulo-stratus,  and  it  is  often  very 
difficult  to  tell,  from  the  appearance  of  a  cloud,  which  type  ,t  most 
resembles  The  cirro-cumulus  is  most  characteristically  known  as 
a  '  mackerel  sky  ;  '  it  consists  of  small  roundish  masses,  disposed 
with  r^tre  or  le';  irregularity  and  connection.    It  is  frequent  in 
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summer,  and  attendant  on  warm  and  dry  weather.  O'rro-slraius 
appears  to  result  from  the  subsidence  of  the  fibres  of  cirrus  to  a 
horizontal  position,  at  the  same  time  that  they  approach  each  other 
laterally.  The  form  and  relative  position  when  seen  in  the  distance 
frequently  give  the  idea  of  shoals  of  fish.  The  tendency  of  cumnlo- 
stratus  is  to  spread,  settle  down  into  the  nimbus,  and  finally  fall  as 
rain. 

The  height  of  clouds  varies  greatly  ;  in  the  mean  it  is  from 
IjSoo  to  1,500  yards  in  winter,  and  from  3,300  to  4,400  yards  in 
summer.  But  they  often  exist  at  greater  heights  ;  Gay-Lussac,  in 
his  balloon  ascent,  at  a  height  of  7,650  yards,  observed  cirrus- 
clouds  above  him,  which  appeared  still  to  be  at  a  considerable 
height.  In  Ethiopia  M.  d'Abbadie  observed  storm-clouds  whose 
height  was  only  230  yards  above  the  ground. 

In  order  to  explain  the  suspension. of  clouds  in  the  atmosphere 
H  alley  first  put  forth  the  hypothesis  of  vesicular  vapours.  He  sup- 
posed that  clouds  are  formed  of  an  infinity  of  extremely  minute 
vesicles,  hollow,  like  soap  bubbles  filled  with  air,  which  is  hotter 
than  the  surrounding  air  ;  so  that  these  vesicles  float  in  the  air 
like  so  many  small  balloons.  This  theory  has  at  present  many 
opponents,  who  assume  that  clouds  and  fogs  consist  of  extremely 
minute  droplets  of  water,  which  are  retained  in  the  atmosphere  by 
the  ascensional  force  of  currents  of  hot  air,  just  as  light  powders  are 
raised  by  the  wmd.  Ordinarily,  clouds  do  not  appear  to  descend, 
but  this  absence  of  downward  motion  is  only  apparent.  In  fact 
clouds  do  usually  fall  slowly,  but  then  the  lower  part  is  continual^ 
dissipated  on  coming  in  contact  with  the  lower  and  more  heated 
ayers  ;  at  the  same  time  the  upper  part  is  always  increasing  from 
the  condensation  of  new  vapours,  so  that  from  these  two  actions 

s  mtlînTfi"      '^'T        ^^"^  ^  ^^-d'  indeed,  i  n 

something  fixed  and  unchanging  ;  it  exists  only  in  its  for^iation 
and  m  its  cessation  ;  it  is  not  a  product,  but  a  process, 
forf  LrofTo^ds^''^  c.ou.,.-Many  causes  may  concur  in  the 

Yol'^l'loT^r'^^'l  °'  '''^  ^'^'^^^  ^^gî""^  °f  the  atmosphere, 
frnm  H  ^  1  I  f  ^^d'^''""'  ^^Po^rs  are  constantly  disengaged 
from  the  earth  and  from  the  waters,  which  from  their  elastic  fofce 

cold  ra^d toM^ir  "  ''f'  =  "^^^''"^  -"'--"ly 

and  tLn  .  H  ^  °^  "^^^  ''"^^  to  the  point  of  saturation 
and  then,  condensing  in  infinitely  small  droplets,  they  give  rise  to 
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II  The  hot  and  moist  currents  of  air  rising  during  the  day 
undergo  a  gradually  feebler  pressure,  and  thus  is  produced  an 
expansion  (302)  which  is  a  source  of  cold,  and  produces  a  con- 
densation of  vapour.  Hence  it  is  that  high  mountains,  stoppmg 
the  currents  of  air,  and  forcing  them  to  rise,  are  an  abundant  source 

of  rain.  .  ,  ,  . 

III  A  hot,  moist  current  of  air  mixmg  with  a  colder  current, 
undergoes  a  cooling,  which  brings  about  a  condensation  of  the 
vapour.  Thus  the  hot  and  moist  winds  of  the  south  and  south-west 
mixing  with  the  colder  air  of  our  latitudes,  give  rain.  The  winds  of 
the  Horth  and  north-east  tend  also,  in  mixing  with  our  atmosphere, 
to  condense  the  vapours  ;  but  as  these  winds,  owing  to  their  low 
temperature,  are  very  dry,  the  mixture  rarely  attains  saturation,  and 

eenerally  gives  no  rain.  _ 

286  Rain.-When,  by  the  constant  condensation  of  aqueous 
vapour',  the  individual  vapour  vesicles  become  larger  and  heavier, 
and  when  finally  individual  vesicles  unite,  they  form  regular  drops 
which  fall  as  rain.    The  quantity  of  rain  which  falls  annually  in 
any  given  place,  or  the  annual  rainfall,  is  measured  by  means  of  a 
rain  eauee  Q'c  pluviometer.  , 
Man;  locaf  circumstances  may  affect  the  quantity  of  ram  which 
falls  in  different  countries  ;  but,  other  things  being  equa  ,  most  ram 
fa  Is  in  hot  climates,  for  there  the  vaporisation  is  most  abundant 
The  rain-fall  decreases,  in  fact,  from  the  equator  to  the  poles.  At 
London  it  is  23-5  inches  ;  at  Bordeaux  it  is  25-8  ;  at  Madeira  it  is 
\r7    .t  Havannah  it  is  9^-2  ;  and  at  St.  Domingo  ,t  is  :o7-6 
The  quantity  varies  with  the  seasons  ;  in  Pans,  in  winter  it  is  4-2 
h.ches    in  spring  6-9  ;  in  summer  6  3  ;  and  in  autumn  4-*^  inches. 

An  ^nch  of  rL  on  a  square  yard  of  surface  represents  a  fal  o 
^6-7A  pounds  or  4-67  gallons.    On  an  acre  it  corresponds  to  22,622 
falîons  or'oo-9935  tons,    xoo  tons  per  inch  per  acre  is  a  ready 

^'^^.S^re^^'  -Ltost.-/...  is  merely  aqueous  vapour  which 
h.s1ondensed  on  bodies  during  the  night  in  the  form  of  minute 
Zuls  It  is  occasioned  by  the  chilling  which  bodies  near  the 
^  Ice  ^f  tl  e  earth  experience  in  consequence  of  nocturnal  radia- 
'  The  r  temperature  having  then  sunk  several  degrees  below 
w  of  h  r  it  frequently  happens,  especially  in  hot  seasons, 
T\  tl  is  temnerlre  s  below  that  at  which  the  atmosphere  is 
that  this  tempera^-^  ^^.^^^      i,„,,ediately  in  contact  with 

U^hUled  bôcUei?and  which  virtually  has  the  same  temperature. 
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then  deposits  a  portion  of  ihe  vapour  which  it  contains,  just  as, 
when  a  bottle  of  cold  water  is  brought  into  a  warm  room,  it  be- 
comes covered  with  moisture,  owing  to  the  condensation  of  aqueous 
\  apour  upon  it. 

According  to  this  theory,  which  was  first  propounded  by  Dr. 
Wells,  all  causes  which  promote  the  cooling  of  bodies  increase  the 
quantity  of  dew.  These  causes  are  the  emissive  power  of  bodies, 
the  state  of  the  sky,  and  the  agitation  of  the  air.  Bodies  which 
have  a  great  radiating  power,  more  readily  become  cool,  and  there- 
fore ought  to  condense  more  vapour.  In  fact  there  is  generally 
no  deposit  of  dew  on  metals,  whose  radiating  power  is  very  small, 
especially  when  they  are  polished  ;  while  the  ground,  sand,  glass, 
and  plants,  which  have  a  great  radiating  power,  become  abundantly 
covered  with  dew.  On  some  plants,  for  instance,  not  merely  are 
droplets  of  dew  formed,  but  regular  layers  of  water. 

The  state  of  the  sky  also  exercises  a  great  influence  on  the  for- 
mation of  dew.  If  the  sky  is  cloudless,  the  planetary  spaces  send 
to  the  earth  an  inappreciable  quantity  of  heat,  while  the  earth 
radiates  very  considerably,  and  therefore,  becoming  very  much 
chilled,  there  is  an  abundant  deposit  of  dew.  But  if  there  are 
clouds,  as  their  temperature  is  far  higher  than  that  of  the  planetary 
spaces,  they  radiate  in  turn  towards  the  earth,  and  as  bodies  on  the 
surface  of  the  earth  only  experience  a  feeble  chilling,  no  deposit  of 
dew  takes  place. 

Wind  also  influences  the  quantity  of  vapour  deposited.  If  it  is 
feeble,  it  increases  it,  inasmuch  as  it  renews  the  air  ;  if  it  is  strona- 
It  diminishes  it,  as  it  heats  the  bodies  by  contact,  and  thus  does  not 
allow  the  air  time  to  become  cooled.  Finally,  the  deposit  of  dew  is 
more  abundant  according  as  the  air  is  moister,  for  then  it  is  nearer 
Its  point  of  saturation. 

Hoar  frost  ^nA  rime  are  nothing  more  than  dew  which  has 
been  deposited  on  bodies  cooled  below  zero,  and  has  therefore 
become  frozen  The  flocculent  form  which  the  small  crystals  pre- 
sent, of  which  rime  is  formed,  shows  that  the  vapours  soliSify 
directly,  without  passing  through  the  liquid  state.  Hoar  frost  like 
dew,  IS  formed  on  bodies  which  radiate  most,  such  as  the  s'talks 
and  leaves  of  vegetables,  and  is  chiefly  deposited  on  the  parts 
turned  towards  the  sky.  ^ 

288  snow    Sleet.-.S-W7£/ is  water  solidified  in  stellate  crystals 
variously  modified,  and  floating  in  the  atmosphere.    These  ^ry  a'^ 
arise  from  the  congelation  of  the  minute  vesicles  which  constitute 
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the  clouds,  when  the  temperature  of  the  latter  is  below  zero.  They 
are  more  regular  when  formed  in  a  calm  atmosphere.  Their  form 
may  be  investigated  by  collecting  them  on  a  black  surface,  and 
viewing  them  through  a  strong  lens.    The  regularity,  and  at  the 


Fig.  233. 

same  time  variety,  of  their  forms  are  truly  beaùtiful.  Fig.  233 
shows  some  of  the  forms  as  seen  through  a  microscope. 

It  snows  most  in  countries  near  the  poles,  or  which  are  high 
above  the  sea  level.  Towards  the  poles,  the  earth  is  constantly 
covered  with  snow  ;  the  same  is  the  case  on  high  mountams,  where 
there  are  perpetual  snows  even  in  equatorial  countries 

Sleet  is  also  solidified  water,  and  consists  of  small  icy  needles 
pressed  together  in  a  confused  manner.  Its  formation  is  ascnbed 
Tthe  sudden  congelation  of  the  minute  globules  of  the  clouds  in 

sizes  which  fall  in  the  atmosphere.  In  our  clunate  had  falls 
Principally  during  spring  and  summer,  and  at  the  hottest  times  of 
Sè  day  it  rarely  falls  at  night.  The  fall  of  had  is  always  pre- 
ceded b^  a  peculiar  noise.  Hail  is  generally  the  precursor  of  stomi  , 
k  rarely  accompanies  them,  and  follows  them  more  rarely  st  1 
it  rarely  accoi  f  surrounded  by 

':Sc"uy:°r  ce  .  f:Hs  fro,,;  si.,  of  ,„,a..  peas  .0 
concentric  layei  s  ol  ic  „f  hailstones,  and  more 

ZiS,  :Sr.rsi"?«ve  never  .ecn  altogether  satisfactoriiy 
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accounted  for.  While  snow  sometimes  falls  for  days  together, 
hailstorms  seldom  last  longer  than  a  quarter  of  an  hour,  and  they 
are  also  far  less  frequent. 


290.  Direction  and  velocity  of  winds. —  ÏVÏJids  are  currents 
moving  in  the  atmosphere  with  variable  directions  and  velocities. 
There  are  eight  principal  directions  in  which  they  blow  :  north, 
north-east,  east,  sotith-east,  south,  south-west,  west,  and  north-west. 
Mariners  further  divide  each  of  the  distances  between  these  eight 
directions  into  four  others,  making  in  all  32  directions,  which  are 
called  points  or  rhumbs.  A  figure  of  these  32  rhumbs  on  a  circle 
in  the  form  of  a  star,  is  known  as  the  marineras  card. 

The  direction  of  the  wind  is  determined  by  means  of  %'aiies,  and 
its  velocity  by  means  of  the  ajietnometer.  There  are  several  forms 
of  this  instrument  ;  the  most  usual  consists  of  a  small  vane  with 
fans,  which  the  wind  turns  ;   the  velocity  is  deduced  from  the 


r  of  turns  made  in  a  given  time,  which  is  measured  by  means 
endless  screw  and  wheel-work.  That  most  commonly  used 
country  and  represented  in  fig.  234  is  known  as  Robinson's 
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anemometer.  It  consists  of  a  metal  cross  with  hemispheres  at 
the  ends,  and  fixed  to  an  axis.  The  motion  of  this  cross  is 
transmitted  by  means  of  an  endless  screw  to  a  train  of  wheel- 
work  ;  and  from  the  number  of  turns  made  in  a  given  time, 
which  is  indicated  by  the  pointers,  the  velocity  of  the  wind  is 
deduced.  In  our  climate  the  mean  velocity  is  from  1 8  to  20  feet  m 
a  second.  With  a  velocity  of  6  or  7  feet,  the  wind  is  moderate  ; 
with  30  or  35  feet,  it  is  fresh  ;  with  61  or  70  feet,  it  is  strong  ;  with 
a  velocity  of  8$  to  90  feet,  it  is  a  tempest,  and  from  90  to  120  it 
is  a  hurricane.  The  velocity  of  a  wind  may,  under  appropriate 
circumstances,  be  measured  by  observing  the  time  which  the 
shadow  of  a  cloud  takes  to  pass  over  a  field  or  any  space  the 
dimensions  of  which  are  known. 

291.  causes  of  winds.-Winds  are  produced  by  the  disturbance 
of  the  equilibrium  in  some  part  of  the  atmosphere,  a  disturbance 
always  resulting  from  a  difference  in  temperature  between  adjacent 
countries.  Thus,  if  the  temperature  of  a  certain  extent  of  ground 
becomes  higher,  the  air  in  contact  with  it  becomes  heated,  it  ex- 
pands, and  rises  towards  the  higher  regions  of  the  atmosphere  ; 
whence  it  flows,  producing  winds  which  blow  from  hot  to  cold 
countries.  But  at  the  same  time  the  equilibrium  is  destroyed  at 
the  surface  of  the  earth,  for  the  barometric  pressure  on  the  colder 
adjacent  parts  is  greater  than  on  that  which  has  been  heat^d^-J^ 
hence  a  current  will  be  produced  with  a  velocity  dependent  oi^  the 
difference  between  these  pressures  ;  thus  two  distinct  winds  will  be 
produced,  an  upper  one  setting  out^^ards  iron,  the  heated  region, 
and  a  lower  one  setting  wwar^/j  towards  It.  „ 

20-.  Regular,  periodical,  and  variable  winds -Accordmg  to 
the  more  or  less  constant  directions  in  which  winds  blow,  they  may 
be  classed  as  regular,  periodical,  and  variable  wmds. 

TRZlar  Zrd^L  those  which  blow  all  the  year  through  in 
a  vi  -tualty  constant  direction.  These  winds,  which  are  also  known 
as  he  trade  ^vinds,  are  uninterruptedly  observed  far  from  the  land 
in  Iq  iatodll  regions,  blowing  from  the  north-east  to  the  south-west 
n  northern\emisphere,  and  from  tl- -th-east  to  the^^^^^^^^ 
we.t  in  the  southern  hemisphere.  They  prevail  on  the  two  sides 
Tf  the  emmor  as  far  as  30°  of  latitude,  and  they  blow  in  the  same 
Ic'cUr'Te  apparent  motion  of  the  sun,  that  is,  from  east  to 

The  air  above  the  equator  being  gradually  heated,  rises  as  the 
sun  passes  round  from  cast  to  west,  and  its  place  is  supplied  b) 
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the  colder  air  from  the  north  or  south.  The  direction  of  the  wind, 
however,  is  modified  by  this  fact  :  that  the  velocity  which  this 
colder  air  has  derived  from  the  rotation  of  the  earth,  namely,  the 
velocity  of  the  surface  of  the  earth  at  that  point  from  which  it 
started,  is  less  than  the  velocity  of  the  surface  of  the  earth  at  the 
point  at  which  it  has  now  arrived  ;  hence  the  currents  acquire,  in 
reference  to  the  equator,  the  constant  direction  which  constitutes 
the  trade  winds. 

ii.  Periodical  winds  are  those  which  blow  regularly  in  the  same 
direction,  at  the  same  seasons,  and  at  the  same  hours  of  the  day  ; 
the  monsoon,  simoom,  and  the  land  and  sea  breeze  are  examples 
of  this  class.  The  name  monsoon  is  given  to  winds  which  blow 
for  six  months  in  one  direction,  and  for  six  months  in  another. 
They  are  principally  observed  in  the  Red  Sea  and  in  the  Arabian 
Gulf,  in  the  Bay  of  Bengal,  and  in  the  Chinese  Sea.  These  winds 
blow  towards  the  continents  in  summer,  and  in  a  contrary  direc- 
tion in  winter.  The  simoom  is  a  hot  wind  which  blows  over  the 
deserts  of  Asia  and  Africa,  and  which  is  characterised  by  its  high 
temperature  and  by  the  sands  which  it  raises  in  the  atmosphere 
and  carries  with  it.  During  the  prevalence  of  this  wind  the  air  is 
darkened,  the  skin  feels  dry,  the  respiration  is  accelerated,  and  a 
burning  thirst  is  experienced. 

This  wind  is  known  under  the  name  of  sirocco  in  Italy  and 
Algiers,  where  it  blows  from  the  great  desert  of  Sahara.  During 
its  prevalence  people  remain  at  home,  the  windows  and  doors 
being  carefully  closed.  In  Egypt,  where  it  prevails  from  the  end 
of  April  to  June,  it  is  called  kamsin,  from  a  word  signifying  ^fiy  ; 
for  it  lasts  ordinarily  50  days  ;  25  before  the  spring  equinox,  and 
25  after.  When  caravans  are  surprised  by  this  wind,  men  cover 
their  faces  with  thick  clothes,  and  '  camels  turn  their  backs  to  the 
torment.  The  natives  of  Africa,  in  order  to  protect  themselves 
from  the  effects  of  the  too  rapid  perspiration  occasioned  by  this 
wind,  cover  themselves  with  fatty  substances. 

The  laud  and  sea  breeze  is  a  wind  which  blows  on  the  sea  coast 
during  the  day  from  the  sea  towards  the  land,  and  during  the  night 
from  the  land  to  the  sea.  For  during  the  day  the  land  becomes 
more  heated  than  the  sea,  in  consequence  of  its  lower  specific 
heat  (260)  and  its  greater  conductivity,  and  hence,  as  the  air  above 
the  land  becomes  more  heated  than  that  over  the  sea,  it  ascends 
and  is  replaced  by  a  current  of  colder  and  denser  air  flowing  from 
the  sea  towards  the  land.    During  the  night  the  land  cools  more 
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rapidly  than  the  sea,  and  hence  the  same  phenomenon  is  produced, 
but  in  a  contrary  direction.  The  sea  breeze  commences  after  sun- 
rise, increases  to  three  o'clock  in  the  afternoon,  decreases  towards 
evening,  and  is  changed  into  the  land  breeze  after  sunset.  These 
winds  are  only  perceived  at  a  slight  distance  from  the  shores. 
They  are  regular  in  the  tropics,  but  less  so  in  our  climates  ;  and 
traces  of  them  are  seen  as  far  as  the  coasts  of  Greenland.  The 
proximity  of  mountains  also  gives  rise  to  periodical  daily  breezes. 

iii.  Variable  winds  are  those  which  blow  sometimes  in  one 
direction  and  sometimes  in  another,  without  being  subject  to  any 
law.  In  mean  latitudes  the  direction  of  the  winds  is  very  variable  ; 
towards  the  poles  this  irregularity  increases,  and  under  the  arctic 
zone  the  winds  frequently  blow  from  several  points  of  the  horizon 
at  once.  On  the  other  hand,  in  approaching  the  torrid  zone,  they 
become  more  regular.  The  south-west  wind  prevails  in  the  north 
of  France,  in  England,  and  in  Germany  ;  in  the  south  of  France 
the  direction  inclines  towards  the  north,  and  in  Spain  and  Italy  the 
north  wind  predominates. 

293.  law  of  tUe  rotation  of  winds.— Spite  of  the  great  irregu- 
larity which  characterises  the  direction  of  the  winds  in  our  latitude, 
it  has  been  ascertained  that  the  wind  has  a  preponderating  ten- 
dency to  veer  round  according  to  the  sun's  motion  ;  that  is,  to  pass 
from  north,  through  north-east,  east,  south-east  to  south,  and  so  on 
round  in  the  same  direction  from  west  to  north  ;  that  it  often  makes 
a  complete  circuit  in  that  direction,  or  more  than  one  in  succes- 
sion, occupying  many  days  in  doing  so,  but  that  it  rarely  veers,  and 
very  rarely  or  never  makes  a  complete  circuit  in  the  opposite  direc- 
tion. For  a  station  in  south  latitude  a  contrary  law  of  rotation 
prevails. 

This  law,  though  more  or  less  suspected  for  a  long  time,  was 
first  formally  enunciated  and  explained  by  Dove,  and  is  known  as 
Dove's  law  of  the  rotatioti  of  winds. 


CHAPTER  XIII. 

SOURCES  OF  HEAT  AND  COLD. 


00.  Different  sources  of  heat.-The  following  different  soui-ces 
of  heat  may  be  distinguished  :  i.  the  mechanical  sotoves,  comprismg 
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friction,  percussion,  and  pressure  ;  ii.  the  physical  sources — that  is, 
solar  radiation,  terrestrial  heat,  the  molecular  actions,  the  changes 
of  condition  and  electricity  ;  iii.  the  chemical  sources,  or  molecular 
combinations,  and  more  especially  combustion. 


295.  Heat  due  to  friction. — The  friction  of  two  bodies,  one 
against  the  other,  produces  heat,  which  is  greater  the  greater  the 
pressure  and  the  more  rapid  the  motion.  For  example,  the  axles 
of  carriage  w  heels,  by  their  friction  against  the  boxes,  often  become 
so  strongly  heated  as  to  take  fire.  By  rubbing  together  two  pieces 
of  ice  in  a  vacuum  below  zero.  Sir  H.  Davy  partially  melted  them. 
In  boring  a  brass  cannon,  Rumford  found  that  the  heat  developed 
in  the  course  of  2^  hours  was  sufficient  to  raise  26è-  pounds  of  water 
from  zero  to  the  boiling  point. 

This  may  be  well  iUustrated  by  an  experiment  (fig.  235)  devised 
by  Prof.  Tyndall.  A  brass  tube,  b,  closed  at  the  bottom,  about  4 
inches  long  and  less  than  an  inch  in  diameter,  fits  on  the  whirling 
table,  having  been  three-quarters  filled  with  cold  water  and  corked. 
If  now  it  be  clasped  by  a  sort  of  wooden  squeezer  in  which  there 
are  two  semicircular  grooves,  and  then  be  made  to  rotate,  the  heat 
developed  by  the  friction  is  sufficient  to  boil  the  water  and  expel 
the  cork  by  which  it  is  closed. 


The  ignition  of  a  lucifer  match  ;  the  increased  temperature  ob- 
served in  the  tools  used  for  sawing,  for  boring,  for  filing,  and  the 
like;  the  warmth  produced  by  rubbing  the  hands  together,  are  all 
instances  of  the  production  of  heat  by  friction. 

Shooting  stars,  too,  are  probably  small  planetary  bodies  which 
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get  within  the  sphere  of  the  attraction  of  the  earth,  and  in  falhng 
towards  it  are  raised  to  incandescence  by  friction  against  the  at- 
mosphere, and  by  the  heat  produced  by  the  compression  of  the  air. 

296.  Heat  due  to  pressure  and  percussion. —  If  a  body  be 
compressed,  its  temperature  rises  accordmg  as  the  volume  dimi- 
nishes. In  solids  and  liquids,  which  are  but  little  compressible, 
the  disengagement  of  heat  is  not  great,  though  Joule  has  verified  it 
in  the  case  of  water  and  of  oil,  which  were  exposed  to  pressures  of 
1 5  to  25  atmospheres.  Similarly,  when  weights  are  laid  on  metallic 
pillars,  heat  is  evolved,  and  is  absorbed  when  they  are  again  re- 
moved. 

The  production  of  heat  by  the  compression  of  gases  is  easily 
shown  by  means  of  the  pneumatic  syringe  (fig.  236).  This  consists 
of  a  glass  tube  with  thick  sides,  closed  hermetically  by  a  leathern 
piston.  At  the  bottom  of  this  there  is  a  cavity  in  which  a  small 
piece  of  tinder  is  placed.  The  tube  being  full  of  air  the  piston  is 
suddenly  plunged  downwards,  the  air  thus  compressed  disengages 
as  much  heat  as  to  ignite  the  tinder,  which  is  seen  to  burn  when 
the  piston  is  rapidly  withdrawn.    The  inflammation  of  the  tinder  in 


Fig.  236. 

this  experiment  indicates  a  temperature  ot  at  least  300°.  At  the 
moment  of  compression  a  bright  flash  is  observed,  which  was 
originally  attributed  to  the  high  temperature  of  the  air  ;  but  it  is 
simply  due  to  the  combustion  of  the  oil  which  greases  the  piston. 

Percussion  is  also  a  source  of  heat,  as  is  observed  in  the  sparks 
which  are  thrown  off  by  horses  in  trotting  over  a  hard  pavement. 
In  firing  a  shot  at  an  iron  target,  a  sheet  of  flame  is  frequently  seen 
at  the  moment  of  impact  ;  and  Mr.  Whitworth  has  used  iron  shells 
which  are  exploded  by  the  concussion  on  striking  an  iron  target. 
A  small  piece  of  iron  hammered  on  an  anvil  becomes  very  hot,  and 
it  is  stated  that  in  this  way  a  blacksmith  can  raise  a  piece  of  iron 
to  redness. 
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PHYSICAL  SOURCES. 

297.  Solar  radiation. — The  most  powerful  of  all  sources  of  heal 
is  the  sun. 

Various  attempts  have  been  made  to  determine  the  quantity  ot 
heat  which  the  sun  emits.  M.  Pouillet,  by  means  of  an  apparatus 
which  he  calls  a  pyrheliometer,  has  calculated  that  if  the  total 
quantity  of  heat  which  the  earth  receives  from  the  sun  in  the  course 
of  a  year  were  employed  to  melt  ice,  it  would  be  capable  of  melting 
a  layer  of  ice  all  lound  the  earth  of  35  yards  in  thickness.  But 
simple  calculation  shows  that  from  the  surface  which  the  earth  ex- 
poses to  the  solar  radiation,  and  from  the  distance  which  separates 
the  earth  from  the  sun,  the  quantity  of  heat  which  the  earth  receives 
can  only  be  2381Ô00000  \.oX.?\  heat  emitted  by  the  sun. 

Faraday  calculated  that  the  average  amount  of  heat  radiated  in 
a  day  on  each  acre  of  ground  in  the  latitude  of  London  is  equal  to 
that  which  would  be  produced  by  the  combustion  of  sixty  sacks  of 
coal. 

298.  Terrestrial  beat. — Our  globe  possesses  a  heat  peculiar  to 
it,  which  is  called  the  terrestrial  heat.  The  temperature  of  the 
earth  gradually  sinks  from  the  surface  to  a  certain  depth,  at  which 
it  remains  constant  in  all  seasons.  It  is  hence  concluded  that  the 
sun's  heat  does  not  penetrate  below  a  certain  internal  layer,  which 
is  called  the  layer  of  consiatit  temperature  :  the  depth  of  this  layer 
below  the  earth's  surface  varies,  of  course,  in  different  parts  of  the 
globe  ;  at  Paris  it  is  about  thirty  yards,  and  the  temperature  is 
constant  at  1 1-8°  C. 

Below  the  layer  of  constant  temperature,  the  temperature  is  ob- 
served to  increase,  on  the  average  1°  C.  for  every  90  feet.  This  in- 
crease has  been  verified  in  mines  and  artesian  wells  (94).  According 
to  this,  at  a  depth  of  3,000  yards,  the  temperature  of  the  corre- 
sponding layer  would  be  100°,  and  at  a  depth  of  20  to  30  miles  there 
would  be  a  temperature  sufficient  to  melt  all  substances  which  exist 
on  the  surface.  Hot  springs  and  volcanoes  confirm  the  existence 
of  this  central  heat. 

The  heat  produced  by  the  changes  of  condition  has  been  already 
treated  of  in  the  articles  solidification  and  liquefaction  ;  the  heat 
produced  by  electrical  action  will  be  discussed  under  the  head  of 
Electricity. 
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299.  Cbemical  combination.  Combustion. — Whenever  two 
bodies  unite  in  virtue  of  their  reciprocal  affinity  this  operation  Is 
known  as  the  act  of  chemical  combinaiion.  Chemical  combinations 
are  usually  accompanied  by  a  certain  elevation  of  temperature. 
When  these  combinations  take  place  slowly,  as  when  iron  oxidises 
in  the  air,  and  produces  rust,  the  heat  produced  is  imperceptible; 
but  if  they  take  place  rapidly,  the  disengagement  of  heat  is  very 
intense.  The  same  quantity  of  heat  is  produced  in  both  cases,  but 
when  evolved  slowly  it  is  dissipated  as  fast  as  it  is  formed,  and  no 
increase  of  temperature  can  be  perceived. 

Combustion  is  chemical  combination  attended  with  the  evolution 
of  light  and  heat.  In  the  ordinary  combustion  in  lamps,  fires, 
candles,  the  carbon  and  hydrogen  of  the  coal  or  of  the  oil,  etc., 
combine  with  the  oxygen  of  the  air,  giving  rise  to  aqueous  vapour, 
gases,  and  other  volatile  products  which  are  given  off  as  smoke. 
The  old  expression  that  fire  destroys  everything  is  incorrect.  It 
destroys  nothing,  it  simply  puts  certain  elements  at  hberty  to  unite 
with  others  ;  it  decomposes  but  at  the  same  time  produces.  A  body 
in  being  burned  is  transformed,  but  its  substance  is  not  destroyed. 


Manv  combustibles  burn  with  flame. 


Fig.  237- 


A  flame  is  a  gas  or  vapour 
raised  to  a  high  tempera- 
ture by  combustion.  Its 
illuminating  power  varies 
with  the  nature  of  the  pro- 
ducts formed.  The  pre- 
sence of  a  solid  body  in 
the  flame  increases  the 
illuminating  power.  The 
flames  of  hydrogen  and 
carbonic  oxide  gases  and 
of  alcohol  are  pale,  be- 
cause they  only  contain 
gaseous  products  of  com- 
bustion. But  the  flames  of 
candles,  lamps,  and  coal 
gas,  have  a  high  illumi- 
nating power."  They  owe 
this  to  the  fact  that  the 


high  temperature  produced  decomposes  certain  of  the  gases  with. 
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the  production  of  carbon,  which,  not  being  perfectly  burned,  be- 
comes white-hot  in  the  flame.  Coal  gas,  when  burnt  in  an  arrange- 
ment by  which  it  obtains  an  adequate  supply  of  air,  is  almost 
entirely  devoid  of  luminosity.  A  non-luminous  flame  may  be  made 
luminous  by  placing  in  it  platinum  wire  or  asbestos.  The  tempera- 
ture of  a  flame  does  not  depend  on  its  illuminating  power.  A 
hydrogen  flame,  which  is  the  palest  of  all  flames,  gives  the  greatest 
heat. 

300.  Rumford's  calorimeter. — In  order  to  determine  the 
amount  of  heat  which  is  produced  by  combustion,  Rumford  used 
the  calorimeter  depicted  in  fig.  237.  A  metal  box  contains  a  known 
weight  of  water  at  a  known  temperature  ;  through  it  passes  a 
copper  worm  tube,  s  s,  which  is  open  at  one  end  /,  and  at  the 
other  ends  in  a  funnel  c.  The  substance  whose  heating  effect  is  to 
be  determined,  is  placed  underneath  the  funnel,  and,  having  been 
previously  weighed,  is  lighted.  The  gaseous  products  of  com- 
bustion pass  then  through  the  worm,  and,  imparting  their  heat  to 
the  water,  raise  the  temperature.  From  the  weight  of  the  water  and 
its  increase  in  temperature,  which  is  measured  by  the  thermometer 
and  from  the  weight  of  the  body  burned,  its  heating  effect  may  be 
determined. 

By  experiments  with  more  perfect  arrangements,  based,  however 
on  the  same  principle,  the  heating  effect  of  the  following  substances 
has  been  determined.    The  numbers  represent  the  number  of 
pounds  of  water  which  are  raised  1°  C.  by  the  combustion  of  a  pound 
of  the  substance. 

Hydrogen   ....  34,000  Dry  turf   ....  4800 

Petroleum  ....  12,300  Wood   2^'goo 

  6,500  Carbonic  oxide  .    .  2400 

Phosphorus     .    .    .  5,700  Sulphur   2^200 

SOURCE.?  OF  COLD. 

301.  Various  sources  of  cold.— Besides  the  cold  caused  by  the 
pas.sage  of  a  body  from  the  solid  to  the  liquid  state,  of  which  we  have 
already  spoken  (234),  cold  is  produced  by  the  expansion  of  gases  by 
radiation  m  general,  and  more  especially  by  nocturnal  radiation 

302  cold  produced  by  the  expansion  of  gases.— We  have 
seen  that  when  a  gas  is  compressed  its  temperature  rises  The 
reverse  of  this  is  also  the  case  :  when  a  gas  is  rarefied  a  reduction 
of  temperature  ensues,  because  a  quantity  of  sensible  heat  disappears 
when  the  gas  becomes  increased  to  a  larger  volume.    This  may  be 
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shown  by  placing  a  delicate  spiral  thermometer,  fig.  225  a,  under  the 
receiver  of  an  air-pump,  and  exhausting  ;  at  each  stroke  of  the  piston 
the  needle  moves  in  the  direction  of  zero,  and  regains  its  original 
temperature  when  air  is  admitted. 

Kirk  has  invented  a  machine  for  the  manufacture  of  ice,  which 
depends  on  this  property  of  gases.  The  heat  developed  by  the 
compression  of  air  is  removed  by  a  current  of  cold  water;  the  vessel 
containing  the  air  thus  compi-essed  and  cooled  being  placed  in  brine, 
the  air  is  allowed  to  expand  ;  in  so  doing  it  cools  the  brine  so  con- 
siderably as  to  freeze  water  contained  in  vessels  placed  in  the  brine. 
It  is  stated  that  by  this  means  a  ton  of  coals  (used  in  working  a 
steam  engine  by  which  the  compression  is  effected)  can  produce  a 
ton  of  ice. 

The  arrangement  for  producing  artificial  ice  for  skating  rinks, 
and  which  has  been  actually  carried  out,  depends  on  an  application 
of  this  principle. 

303.  Cold  produced  by  nocturnal  radiation. — During  the  day, 
the  ground  receives  from  the  sun  more  heat  than  it  radiates  into 
space,  and  the  temperature  rises.  The  reverse  is  the  case  at  night. 
The  heat  which  the  earth  loses  by  radiation  is  no  longer  compen- 
sated for,  and  consequently  a  fall  of  temperature  takes  place,  which 
is  greater  according  as  the  sky  is  clearer,  for  clouds  send  towards 
the  earth  rays  of  greater  intensity  than  those  which  come  from  the 
celestial  spaces.  In  some  winters  it  has  been  found  that  rivers 
have  not  frozen,  the  sky  having  been  cloudy,  although  the  thermo- 
meter has  been  for  several  days  below  -4°  ;  while  in  other  less 
severe  winters  the  rivers  freeze  when  the  sky  is  clear.  The  emissive 
power  exercises  a  great  influence  on  the  cold  produced  by  radiation  ; 
the  greater  it  is,  the  greater  is  the  cold. 

In  Bengal,  the  nocturnal  cooling  is  used  in  manufacturing  ice. 
Large  flat  vessels  containing  water  are  placed  on  non-conducting 
substances,  such  as  straw  or  dry  leaves.  In  consequence  of  the 
radiation  the  water  freezes,  even  when  the  temperature  of  the  air  is 
10°  C.  The  same  method  can  be  applied  in  all  cases  with  a  clear 
sky.  It  is  said  that  the  Peruvians,  in  order  to  preserve  the  shoots  of 
youn-  plants  from  freezing,  light  great  fires  in  their  neighbourhood, 
the  smoke  of  which,  producing  an  artificial  cloud,  hmders  the 
cooling  produced  by  radiation. 

Country  people  are  in  the  habit  of  saying  that  it  freezes  more 
when  the  moon  appears  than  when  it  is  hidden  by  clouds.  They 
arc  right  in  this  ;  but  the  freezing  is  not,  as  they  think,  due  to  the 
influence  of  the  moon.    It  is  owing  to  the  absence  of  clouds. 
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BOOK  VI. 

ON  LIGHT. 


CHAPTER  I. 
TRANSMISSION,  VELOCITY,  AND  INTENSITY  OF  LIGHT. 

304.  Theories  of  light. — Light  is  the  agent  which,  by  its  action 
on  the  retina,  excites  in  us  the  sensation  of  vision.  That  part  of 
physics  which  deals  with  the  properties  of  hght  is  known  as  optics. 

In  order  to  explain  the  origin  of  light,  various  hypotheses  have 
been  made,  the  most  important  of  which  are  the  emissioji  or  C07-- 
puscidar  theory,  and  the  imdidatory  theory. 

On  the  emission  theory  it  is  assumed  that  luminous  bodies  emit, 
m  all  directions,  an  imponderable  substance,  which  consists  of 
molecules  of  an  extreme  degree  of  tenuity  :  these  are  propagated 
in  right  lines  with  an  almost  infinite  velocity.  Penetrating  into  the 
eye,  they  act  on  the  retina  (383),  and  produce  the  sensation  which 
constitutes  vision. 

On  the  undulatory  theory,  all  bodies,  as  well  as  the  celestial 
spaces,  are  filled  by  an  extremely  subtle  elastic  medium,  which  is 
called  the  Iwniiiiferous  ether.  The  luminosity  of  a  body  is  due  to 
an  mfinitely  rapid  vibratory  motion  of'  its  molecules,  which  when 
communicated  to  the  ether,  is  propagated  in  all  directions  in  the 
form  of  spherical  waves  ;  and  this  vibratory  motion,  being  thus 
transmitted  to  the  retina,  calls  forth  the  sensation  of  vision.  The 
vibrations  of  the  ether  take  place  not  in  the  direction  of  the  wave 
but  in  a  plane  at  right  angles  to  it.  The  latter  are  called  the  trans- 
versal Vibrations.  Some  idea  of  these  may  be  formed  by  shaking  a 
rope  at  one  end.  The  vibrations,  or  to  and  fro  movements,  of  the 
particles  of  the  rope,  arc  at  right  angles  to  the  len-th  of  the  rope 
but  the  onward  motion  of  the  wave's  form  is  in  the  direction  of  the 
length  of  the  rope. 
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On  the  emission  theory  the  propagation  of  hght  is  effected  by 
a  motion  of  translaiion  of  particles  of  hght  thrown  out  from  the 
luminous  body,  as  a  bullet  is  discharged  from  a  gun.  On  the  un- 
dulatory  theory  there  is  no  progressive  motion  of  the  particles 
themselves,  but  only  of  the  state  of  disturbance  which  was  com- 
municated by  the  luminous  body  ;  it  is  a  motion  of  oscillation,  and 
like  the  propagation  of  waves  in  water,  takes  place  by  a  series  of 
vibrations. 

The  luminiferous  ether  penetrates  all  bodies,  but,  on  account  of 
its  extreme  tenuity,  it  is  uninfluenced  by  gravitation  ;  it  occupies 
space,  and  although  it  presents  no  appreciable  resistance  to  the 
motion  of  the  denser  bodies,  it  is  possible  that  it  hinders  the 
motion  of  the  smaller  comets.  It  has  been  found,  for  example,  that 
Encke's  comet,  whose  period  of  revolution  is  about  3^  ye^rs,  has 
its  period  diminished  by  about  o-ii  of  a  day  at  each  successive 
rotation,  and  this  diminution  is  ascribed  by  some  to  the  resistance 
of  the  ether. 

The  fundamental  principles  of  the  undulatory  theory  were  enun- 
ciated by  Huyghens,  and  subsequently  by  Euler.  The  emission 
theory,  principally  owing  to  Newton's  powerful  support,  was  for 
long  the  prevalent  scientific  creed.  The  undulatory  theory  was 
adopted  and  advocated  by  Young,  who  showed  how  a  large  number 
of  optical  phenomena,  particularly  those  of  diffraction,  were  to  be 
explained  by  that  theory.  Subsequently  too,  though  independently 
of  Young,  Fresnel  showed  that  the  phenomena  of  diffraction,  and 
also  those  of  polarisation,  are  explicable  on  the  same  theory,  which, 
since  his  time,  has  been  generally  accepted. 

The  undulatory  theory  not  only  explains  the  phenomena  of  light, 
but  it  reveals  an  intimate  connection  between  these  phenomena 
and  those  of  heat  ;  it  shows,  also,  how  completely  analogous  the 
phenomena  of  light  are  to  those  of  sound,  regard  being  had  to  the 
differences  of  the  media  in  which  these  two  classes  of  phenomena 

take  place.  .  r  v  u» 

305  various  sources  of  light.— The  various  sources  of  hght 
are  the  sun,  the  stars,  heat,  chemical  combination,  phosphores- 
cence, electricity,  and  meteoric  phenomena. 

The  oricrin  of  the  light  emitted  by  the  sun  and  by  the  stars  is 
unknown  ;  ît  is  assumed  by  some  that  the  ignited  envelope  by  which 
the  sun  is  surrounded  is  gaseous,  and  at  a  very  high  temperature. 

As  regards  the  light  developed  by  heat,  PcuiUet  has  obsen-ed 
that  bodies  begin  to  be  luminous  in  the  dark  at  a  temperature  of 
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500°  to  600°  ;  above  that  the  light  is  brighter  in  proportion  as  the 
temperature  is  higher. 

The  himinous  effects  witnessed  in  many  chemical  combinations 
are  due  to  the  high  temperatures  produced.  This  is  the  case  with 
the  artificial  lights  used  for  illuminations  ;  for  luminous  flames  are 
nothing  more  than  gaseous  masses  containing  solids  heated  to  the 
point  of  incandescence. 

Phosphorescence  is  the  property  which  a  large  number  of  sub- 
stances possess  of  emitting  light  when  placed  under  certain  con- 
ditions. 

Spontaneous  phosplLoresce}tce  is  observed  in  certain  vegetables 
and  animals  ;  for  instance,  it  is  very  intense  in  the  glowworm  and 
in  the  lampyre,  and  the  brightness  of  their  light  appears  to  depend 
on  their  will.  In  tropical  climates  the  sea  is  often  covered  with  a 
bright  phosphorescent  light  due  to  some  extremely  small  zoophytes. 
These  animalculse  emit  a  luminous  matter  so  subtle  that  MM.  Ouoy 
and  Gaimard,  during  a  voyage  under  the  equator,  having  placed 
two  in  a  tumbler  of  water,  the  liquid  immediately  became  luminous 
throughout  its  entire  mass. 

Decaying  wood,  and  certain  kinds  of  fish  in  a  state  of  putrefiic- 
tion,  also  exhibit  this  phenomenon.  Certain  substances,  like  some 
varieties  of  fluor-spar,  become  phosphorescent  by  friction  ;  while 
others,  such  as  sulphide  of  strontium,  become  luminous  in  the  dark 
by  having  been  previously  exposed  to  the  sun's  rays. 

306.  Opaque,  transparent,  translucent  bodies.  Absorption 
of  light,— Bodies  on  which  a  source  of  light  falls  present  two  dis- 
tinct effects  ;  one  class,  such  as  wood,  metals,  most  stones,  com- 
pletely stop  it  ;  while  others,  such  as  air  and  glass,  allow  light  to  pass. 
The  first  class  of  bodies  comprehends  those  which  are  called  opaque, 
and  the  second  the  transparent  and  translucent  bodies.  The  term 
transparent  or  diaphanous  is  applied  to  all  bodies  which  at  all 
transmit  light  ;  while  translucency  is  usually  restricted  to  the  case 
of  bodies  through  which  objects  cannot  be  distinctly  seen.  Polished 
glass  may  be  called  either  transparent  or  diaphanous  ;  but  ground 
glass,  oiled  paper,  and  thin  porcelain,  are  translucent  ;  for,  while 
they  transmit  light,  objects  cannot  be  distinguishèd  through  them 

Of  all  bodies  which  transmit  light,  none  can  be  said  to  be  per- 
fectly diaphanous  ;  all  extinguish,  or  absorb,  a  portion  of  the  light 
which  impinges  on  them.    The  most  transparent,  such  as  air,  water 
glass,  gradually  extinguish  the  light  which  penetrates  them  •  and  if 
their  thickness  be  considerable,  they  may  weaken  it  so  much  that 
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no  impression  is  produced  on  the  eye.  A  depth  of  twenty  feet  of 
pure  water  stops  nearly  half  the  light  which  enters  it.  Again,  on  the 
tops  of  high  mountains  the  number  of  stars  visible  to  the  naked  eye 
is  greater  than  in  the  plain  ;  a  phenomenon  arising  from  the  fact 
that  in  the  former  case  the  layer  of  air  traversed  is  not  so  thick  as  in 
the  latter  case.  In  like  manner  too  the  sun  appears  less  luminous 
when  on  the  horizon,  for  then  its  rays  traverse  a  thicker  layer  of  air. 

Just  as  there  are  no  perfectly  transparent  substances,  so  too  there 
are  none  which  are  quite  opaque  ;  at  any  rate,  when  the  thickness 
is  very  small.  Gold,  which  is  one  of  the  densest  metals,  allows  an 
appreciable  quantity  of  light  to  traverse  it,  when  beaten  out  in  the 
form  of  fine  leaf. 

Foucault  has  recently  shown,  that  when  the  object  glass  of  a 
telescope  is  thinly  silvered,  the  layer  is  so  transparent  that  the  sun 
can  be  viewed  through  it  without  danger  to  the  eyes,  since  the  me- 
tallic layer  reflects  the  greater  part  of  the  heat  and  light  ;  the  tint 
appears  slightly  bluish,  while  in  the  case  of  gold  it  is  greenish. 

307.  Propagation  of  light.— A  medium  is  any  space  or  sub- 
stance which  light  can  traverse,  such  as  a  vacuum,  air,  water,  glass, 
etc.  A  medium  is  said  to  be  homogeneous  when  its  chemical  com- 
posi'ion  and  density  are  the  same  in  all  parts  ;  conditions  which  are 
independent  of  each  other.  The  atmosphere,  for  instance,  has 
everywhere  the  same  composition,  but  not  everywhere  the  same 
density,  owing  to  the  variations  in  pressure  and  temperature,  to  which 
it  is  subject  in  various  places. 

Experiment  shows  that  in  every  homogeneous  medium  light  is 
propagated  in  a  right  line.  For,  if  an  opaque  body  is  placed  in  the 
right  line  which  joins  the  eye  and  the  luminous  body,  the  light  is 
in^tercepted.  In  like  manner,  we  cannot  receive  any  impression  of 
light  through  a  series  of  holes  in  opaque  plates,  superposed  in  each 
other  excepting  these  holes  are  in  a  straight  line.  The  light  which 
passes  into  a  dark  room  by  a  small  aperture,  leaves  a  luminous  trace, 
which  is  visible  from  the  light  falling  on  the  particles  suspended  in 

the  atmosphere.  . 

Light  emanates  from  luminous  bodies  in  all  directions,  for  we  see 
them  equally  in  all  positions  in  which  we  are  placed  round  them. 

Light  changes  its  direction  on  meeting  an  object  which  it  cannot 
penetrate,  or  when  it  passes  from  one  medium  to  another.  These 
phenomena  will  be  described  under  the  heads  reflection  and  rc- 

fraction.  ,     .        ■■  , 

This  emanation  of  light  in  all  directions  about  a  luminous  body 
is  called  radiation,  as  in  the  case  of  heat  ;  a  luminous  ray,  or  ray  0/ 
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light,  is  the  line  in  which  light  is  propagated  ;  a  luminous  pencil,  or 
pencil  of  light,  is  a  collection  of  rays  from  the  same  source.  It  is 
said  to  hç.  parallel,  when  it  is  composed  of  parallel  rays;  divergent, 
when  the  rays  separate  from  each  other  ;  and  convergetit,  when  they 
tend  towards  the  same  point.  Examples  of  these  will  occur  in  the 
study  of  mirrors  and  of  lenses. 

308.  Shadow.  Penumbra.— When  light  falls  upon  an  opaque 
body,  it  cannot  penetrate  into  the  space  immediately  behind  it,  and 
this  space  is  called  the  shadow. 

In  determining  the  extent  and  the  shape  of  shadow  projected  by 
a  body,  two  cases  are  to  be  distinguished  ;  that  in  which  the  lumi- 
nous source  is  a  single  point,  and  that  in  which  it  is  a  body  of  any 
appreciable  extent. 
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In  the  first  case,  let  L  (fig.  238)  be  the  luminous  point,  and  M  a 
spher>ca  body,  which  causes  the  shadow.  If  an  infinitely  lone- 
straight  line  move  round  the  sphere  M,  always  passing  throuoh  the 
point  L,  this  line  will  produce  a  conical  surface,  which  beyond  the 
sphere,  separates  that  portion  of  space  which  is  in  shadow  from  that 
whtch  IS  dlummated.  In  the  present  case,  on  placing  behind  the 
opaque  body  a  screen,  the  limit  of  the  shadow  will  be  sharply  defined 
This  IS  not,  however  usually  the  case,  for  luminous  bodies  have 
aUvays  a  certain  magnitude,  and  are  not  merely  luminous  points  ;  the 
shadow  formed  by  a  luminous  point  is  called  the  geometrlal shc^dol 

In  the  second  case  let  L  (fig.  239)  be  a  luminous  sphere,  and  le 
a  tangent  bn  be  drawn  externally  to  this  sphere  and  to^he  sphere  M 
A   uming  that  this  hne  moves  tangentially  round  the  two  bodies  1; 
will  produce  on  the  screen  a  circle,  no,  completely  in  darknes  f 
now  a  second  straight  line,  bm,  be  drawn  tangentially  on  the  inslH. 
of  the  two  spheres,  it  will  produce  a  cone  on  tie  screen::he  summi 
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of  which  is  at  S,  and  the  base  on  the  screen  in  the  circle  rm,  which 
is  greater  than  the  circle  no.  The  circular  space  between  the  two 
circumferences  is  neither  entirely  in  the  shadow,  nor  entirely  in 
the  light,  for  it  is  only  illuminated  by  a  part  of  the  body  L  ;  whence 
arises  the  name  pemcmbra.  Under  ordinary  conditions,  m  which 
luminous  bodies  have  a  certain  size,  shadows  are  always  sur- 
rounded by  a  penumbra.  This  decreases  in  intensity  from  the 
centre  towards  the  edges  ;  it  has  a  greater  extent  the  nearer  the 
luminous  body  is  to  the  body  illuminated,  and  the  more  disiant  is 
the  screen. 


Fig.  239. 


-^OQ  velocity  of  light—Light  moves  with  such  a  velocity  that 
at  the  surface  of  the  earth  there  is,  to  ordinary  observation,  no  ap- 
preciable interval  between  the  occurrence  of  any  luminous  pheno- 
menon and  its  perception  by  the  eye.  And  accordingly  this  ve- 
locity was  first  determined  by  means  of  astronomical  observations 
Romer  a  Danish  astronomer,  in  1675,  first  deduced  the  velocity  of 
hcht  from  an  observation  of  the  echpses  of  Jupiter's  first  satellite 

TuDiter  is  a  planet  round  which  four  satellites  revolve,  as  the 
moon  does  round  the  earth.  This  first  sateUite,  .  (fig.  ^^o)  s^.ffers 
Teultation-th^t  is,  passes  into  Jupiter's  shadow-at  equal  inter- 
val^of  t  me,  which  are  ^^  h.  28  m.  3^.  s.  While  the  earth  moves 
In  that  part  of  its  orbit  nearest  Jupiter,  its  distance  from  that 
rianet  does  not  materially  alter,  and  the  intervals  between  two  suc- 
cessfve  occultations  of  the  satellite  are  approximate  y  the  same  ;  but 
n  p  oportion  as  the  earth  moves  away  m  its  revolution  round  the 
sun  S  the  interval  between  two  occultations  increases  ;  and  when, 
a'ke  enïof  six  months,  the  earth  has  passed  from  ,he  position 
T  to  the  position  /,  a  total  retardation  of  16  m.  36  s.  is  obsen^ed 
betwe  n  tEe  t  meatwhich  the  phenomenon  is  seen  and  that  at 
^  i^h  it  is  llculated  to  take  place.    But  when  the  earth  was  m  the 
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position  T,  the  sun's  light  reflected  from  the  sateUite  e  had  to 
traverse  the  distance  eT,  while  in  the  second  position  the  light  had 
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Fig.  240. 

to  traverse  the  distance  ei.  This  distance  exceeds  the  first  by 
the  quantity  tT,  for,  from  the  great  distance  of  the  satellite  e,  the 
rays  et  and  eT  may  be  considered  parallel.  Consequently,  light 
requires  16  m.  36  s.  to  travel  the  diameter  tT  of  the  terrestrial 
orbit,  or  twice  the  distance  of  the  earth  from  the  sun. 

To  give  some  idea  of  this  enormous  velocity,  it  maybe  remarked 
that  a  cannon  ball  would  I'equire  more  than  seventeen  years  to  tra- 
verse the  distance  from  the  earth  to  the  sun,  while  light  requires 
only  8  minutes  and  18  seconds. 

Spite  of  this  enormous  velocity  of  light,  the  stars  nearest  the 
earth  are  separated  from  it  by  at  least  206,265  times  the  distance  of 
the  sun.  Consequently,  the  light  which  they  send  requires  3|-  years 
to  reach  us.  Those  stars  which  are  only  visible  by  means  of  the 
telescope  are  possibly  at  such  a  distance  that  thousands  of  years 
would  be  required  for  their  light  to  reach  our  planetary  system.  We 
may  hence  form  an  idea  of  the  immensity  of  the  heavens,  and  how 
small  is  our  globe  in  comparison  with  this  infinity. 

310.  Intensity  of  ligrtat.  Xiaw  of  its  decrease.  Photometer. 
—The  intensity  of  a  source  of  light,  that  is,  the  energy  of  its  illu- 
minating power,  is  measured  by  the  quantity  of  light  which  it  sends 
on  a  given  surface  ;  for  example,  a  screen  a  yard  square.  From 
the  property  which  luminous  rays  have  of  diverging,\his  quantity 
of  light,  this  intensity,  decreases  rapidly  as  the  illuminated  body  is 
removed  from  the  luminous  body.  It  may  be  shown,  by  geometrical 
considerations,  that  the  intensity  of  light  is  inversely  as  /he  square 
of  the  distance  ;  that  is,  that  when  the  distance  of  an  illuminated 
body  from  the  source  of  light  is  doubled,  it  receives  one-fourth  the 
amount  of  light  ;  at  three  times  the  distance,  one-ninth,  and  so  forth. 
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This  law  may  be  demonstrated  by  the  aid  of  an  apparatus  called 
a  photometer,  from  two  Greek  words  which  signify  measure  of  light. 
It  consists  of  a  ground  glass  screen  A,  fixed  vertically  on  a  wooden 
base  (fig.  241).  In  front  of  this  screen  is  an  opaque  rod  B,  beyond 
which  are  the  sources  of  light  to  be  compared,  in  such  a  manner  that 
the  shadows  of  the  rod  form  on  the  screen.  Now  it  will  be  observed 
that  when  the  two  sources  have  the  same  illuminating  power,  the 
depth  of  the  shadows  is  the  same  ;  but  if  one  of  the  sources  of  light 
is  more  powerful  than  the  other,  the  corresponding  shadow  is  deeper  ; 
and  in  order  that  the  shadows  be  of  equal  intensity,  the  more 
powerful  light  must  be  removed  further  away. 


Fig.  241. 

These  details  being  premised,  the  law  of  the  decrease  of  light 
may  be  demonstrated  as  follows  :  In  a  dark  room,  a  candle  is  placed 
at  any  distance  from  the  photometer,  a  yard  for  instance  ;  and  then, 
at  double  the  distance,  four  of  the  same  kind  of  candles  are  placed 
in  the  same  line,  in  the  direction  of  the  opaque  rod.  The  two 
shadows  on  the  screen  will  then  be  found  to  have  exactly  the  same 
depth  ;  which  shows  that,  at  two  yards'  distance,  four  candles  have  no 
more  illuminating  power  than  one  candle  at  a  distance  of  one  yard  ; 
from  which  it  is  concluded  that  each  of  them,  at  double  the  dis- 
tance, has  one  quarter  the  illuminating  power.  It  may  also  be 
shown  in  the  same  manner,  that  nine  candles,  at  three  yards  only 
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have  the  same  illuminating  power  as  one  at  a  yard,  and  so  forth, 
which  proves  the  law. 

It  is  important  to  observe,  that  it  is  in  consequence  of  the  diver- 
gence (307)  of  luminous  rays  that  light  decreases  as  the  distance  in-  • 
creases.    This  decrease  does  not  obtain  in  the  case  of  parallel  rays  : 
their  lustre  would  be  the  same  at  all  distances,  were  it  not  for  the 
absorption  which  takes  place  in  even  the  most  transparent  media. 

The  light  of  the  sun  is  about  equal  to  that  which  would  be  given 
by  50,000  wax  candles  at  a  distance  of  one  jard.    That  of  the  full  ' 
moon  is  about  equal  to  that  given  by  one  wax  candle  at  a  distance 
of  126  inches. 


CHAPTER  II. 

REFLECTION  OF  LIGHT.  MIRRORS. 

311.  Ziaws  of  tbe  reflection  of  ligrbt. — When  a  ray  of  light 
meets  a  .polished  surface,  it  bounds  off  from  it,  changing  its  direc. 


Fig.  242 
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tion,  and  this  phenomenon  is  termed  the  reflection  of  light.  Thus, 
if  through  a  hole  in  the  shutter  of  a  dark  room  (fig.  242)  a  pencil 
of  the  sun's  rays,  CD,  be  allowed  to  enter,  and  it  be  received  on  a 
plane  miiTor,  this  pencil  is  reflected  in  the  direction  DB,  and  forms 
on  the  ceiling  an  image,  the  shape  of  which  will  be  discussed  in 
speaking  of  the  camera  obscura. 

As  in  speaking  of  the  reflection  of  calorific  rays  (212),  the  ray  CD 
is  the  ifiddeiit  ray,  BD  is  the  reflected  ray,  and  the  straight  line  AD 
at  right  angles,  to  the  mirror  is  the  normal.    The  angles  CD  A 
g  and   ADB    are   called  re- 

spectively the  angles  of  in- 
cidetice  and  the  angles  of 
reflection. 

The  reflection  of  light  is 
governed  by  the  following 
two  laws,  which,  as  we  have 
seen,  also  prevail  for  heat  : — 

I.  The  atigle  of  reflection 
is  equal  to  the  ajtgle  of  i7ici- 
dence. 

II.  The  incident  and  tJie 
reflected  ray  are  both  in  the 
same  flâné,  which  is  per- 
fendicidar  to  the  reflecting 
S7irface. 

First  proof.     The  two 
]aws  may  be  demonstrated 
by  the  apparatus  represented 
in  fig.  243.    It  consists  of  a 
g-raduated  circle  in  a  vertical 
plane,  supported  on  three 
levelling  screws.   Two  bi-ass 
slides  I  and  K,  move  round  the  circumference.    They  support  two 
small  tubes  i  and  c,  directed  exactly  towards  the  centre,  and  mtended 
to  -ive  passage  respectively  to  the  incident  and  reflected  rays.  On 
the  slide  1  there  is,  moreover,  a  small  mirror  M,  which  can  be  mchned 
at  will.    The  zero  of  the  graduation  is  at  A,  and  extends  to  90 

degrees  on  each  side. 

These  details  being  known,  the  slide  I  having  been  more  or  less 
removed  from  zero,  the  mirror,  M,  is  inclined  so  that  a  lummous 
ray  S,  after  having  been  reflected  on  this  mirror,  shall  pass  through 


Fig-  243' 
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the  tube  i,  and  fall  upon  a  second  mirror  in,  arranged  horizontally 
in  the  centre  of  the  circle  ;  there  the  luminous  ray  is  reflected 
a  second  time  and  takes  the  direction  ;«E.  The  slide  K  is  then 
removed  to  or  from  A,  until  the  eye  being  placed  at  E,  the  reflected 
ray,  wE,  is  received  through  the  tube  c.  If,  now,  the  number  of 
degrees  contained  in  the  arcs  AB  and  AC  be  read  off,  they  will  be 
found  to  be  exacdy  equal.  Hence  the  angles  of  incidence  and  of 
reflection  Bwrt  and  ainZ,  measured  by  their  arcs,  are  equal,  which 
verifies  the  first  law. 

The  second  law  is  also  verified  ;  for,  in  the  construction  of  the 
apparatus,  care  is  taken  that  the  axes  of  the  tubes  i  and  c  are  in 
one  and  the  same  plane  parallel  to  that  of  the  graduated  circle,  and 
therefore  perpendicular  to  the  surface  of  the  small  mirror  and 
containing  the  normal  ma. 

In  the  above  drawing  ihe  direction  in  which  light  is  propagated 
is  represented  by  arrows  ;  the  same  will  .be  the  case  with  all  optical 
diagrams,  which  we  shall  have  occasion  to  introduce. 

312.  Tlie  reflection  in  lig-bt  Is  never  complete. — The  light 
which  falls  upon  a  body  is  never  completely  reflected  ;  a  certain 
portion  is  always  extinguished — absorbed  by  the  reflecting  surface. 
If  we  represent  by  100  the  quantity  of  incident  light,  the  reflected 
portion  will  be  80,  90,  95,  according  to  the  nature  and  degree  of 
polish  of  the  reflecting  body  ;  but  it  will  never  amount  to  100. 

The  best  reflectors  are  polished  metals,  especially  if  they  are 
white,  like  mercury  and  silver.  Black  bodies  reflect  no  light.  Trans- 
lucent substances  reflect  a  small  quantity,  and  absorb  more  or  less 
according  to  their  thickness,  while  they  transmit  the  remainder.  This 
is  what  takes  place  with  air,  water,  glass,  and  all  transparent  media. 

For  one  and  the  same  substance  the  quantity  of  reflected  light 
increases  not  only  with  the  degree  of  polish,  but  with  the  obliquity 
of  the  incident  ray.  For  instance,  if  a  sheet  of  white  paper  be 
placed  before  a  candle,  and  be  looked  at  very  obliquely,  an  image 
of  the  flame  is  seen  by  reflection,  which  is  not  the  case  if  the  eye 
receives  less  oblique  rays. 

The  intensity  of  the  reflection  varies  with  different  bodies,  even 
when  the  degree  of  polish  and  the  angle  of  incidence  are  the  same. 
It  also  varies  with  the  nature  of  the  medium  which  the  light  is 
traversing  before  and  after  reflection.  Polished  glass  immersed  in 
water  loses  a  great  part  of  its  reflecting  power. 

313.  ZrreiTular  reflection.  Diffused  or  scattered  U^tat. — The 
reflection  from  the  surfaces  of  polished  bodies,  the  laws  of  which 
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have  just  been  stated,  is  called  the  regular  or  specular  refiection  : 
from  a  Latin  word  signifying  mirror:  but  the  quantity  thus  reflected 
is  less  than  the  incident  light.  The  light  incident  on  an  opaque 
body  is  separated,  in  fact,  into  three  parts  ;  one  is  reflected  regu- 
larly, another  irregularly,  that  is,  in  all  directions  ;  while  a  third  is 
absorbed  by  the  reflecting  body. 

Thus,  if  in  the  experiment  represented  in  fig.  242,  the  beam,  CD, 
be  caught  on  an  unpolished  surface  instead  of  on  a  mirror,  not  only 
will  it  be  seen  in  the  direction  DB,  corresponding  to  regular  reflec- 
tion, but  it  will  be  seen  in  all  positions  in  the  dark  room  ;  whence  it 
is  concluded  that  light  is  reflected  in  all  directions  and  under  all 
obliquities  ;  which  is  apparently  contrary  to  the  laws  of  reflection. 

This  irregularly  reflected  light  is  called  scattered  or  diffused  light: 
it  is  that  which  makes  bodies  visible  ;  it  has  its  origin  in  the  struc- 
ture of  bodies  themselves,  which  are  never  perfectly  smooth  and, 
from  their  slight  roughnesses,  present  an  infinity  of  small  facettes 
variously  inclined,  and  which  reflect  light  in  all  directions. 

Diffused  light  plays  an  important  part  in  the  phenomena  of 
vision.  For  while  luminous  bodies  are  visible  of  themselves,  opaque 
bodies  are  only  so  in  consequence  of  the  diffused  light  which  they 
send  in  all  directions.  Thus  when  we  look  at  a  piece  of  furniture, 
a  table,  or  a  flower,  it  is  the  diffused  light  reflected  on  all  sides  and 
in  all  directions  by  the  object,  which  enables  us  to  see  it  in  what- 
ever direction  we  may  be  placed  in  reference  to  the  light  which 
illuminates  it.  When  luminous  bodies  only  reflect  light  regularly, 
it  is  not  them  we  see,  but,  acting  like  mirrors,  they  only  give 
us  the  image  of  the  luminous  body  whose  light  they  send  towards 
us.  If,  for  example,  a  beam  of  the  sun's  light  falls  on  a  well- 
polished  mirror  in  a  dark  room,  the  more  perfectly  the  light  is  re- 
flected the  less  visible  is  the  mirror  in  the  different  parts  of  the 
room.  The  eye  does  not  perceive  the  image  of  the  mirror  but  that 
of  the  sun.  If  the  reflecting  power  of  the  mirror  be  diminished  by 
sprinkling  on  it  a  light  powder,  the  sun's  image  becomes  feebler, 
and  the  mirror  is  visible  from  all  parts  of  the  room.  Perfectly 
smooth  polished  reflecting  surfaces,  if  such  there  were,  would  be 
invisible,  and  absolutely  non-reflecting  surfaces  would  also  appear 
all  equally  black,  and  would  be  confounded  with  each  other.  Two 
bodies,  one  white  and  the  other  black,  placed  in  darkness,  are  quite 
invisible,  for  that  which  is  white,  not  receiving  any  light,  can  re- 
flect none. 

It  is  the  diffused  light  reflected  by  the  air,  by  the  clouds,  by  the 
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ground,  which  illuminates  our  rooms  and  all  bodies  not  directly 
exposed  to  the  sun's  rays  ;  and  the  more  diffused  light  a  body  sends 
towards  us,  the  more  precisely  can  we  distinguish  it.  From  the 
inside  of  our  rooms  we  well  see  external  objects,  for  they  are  power- 
fully illuminated  ;  but  from  the  outside  we  only  see  confusedly 
the  objects  in  the  interior  of  apartments,  for  they  receive  but  little 
light. 

314.  Direction  in  whicli  we  see  bodies. — Whenever  a  pencil 
of  light  passes  in  a  straight  line  from  a  body  to  our  eye,  we  see 
it  exactly  as  it  is  ;  but  if  in  consequence  of  reflection,  or  any  other 
cause,  the  pencil  of  light  is  deviated  in  its  route,  if  it  ceases  to  come 
to  us  in  a  straight  line,  we  no  longer  see  the  body  in  its  proper  place. 


/t' — 


Fig.  244. 


but  i7i  the  direction  of  the  hcminous  pencil  at  the  moment  it  enters 
the  eye.  Thus  if  the  pencil  AB  is  deflected  at  B  (fig.  244),  and  takes 
the  direction  BC,  the  eye  does  not  see  the  point  A  at  A  but  at  a,  in 
the  prolongation  of  CB. 

This  principle  is  general,  and  though  very  simple,  well  deserves 
the  attention  of  the  reader,  for  on  it  are  based  the  numerous  effects 
of  vision  which  mirrors  and  lenses  present. 

MIRRORS. 

315.  Mirrors.  Images.— yl//rr£;rj-  are  bodies  Avith  polished 
surfaces,  which  show  by  reflection  bodies  presented  to  them.  The 
place  at  which  objects  appear  is  their  image.  According  to  their 
shape,  they  are  divided  into  plane  and  curved  mirrors. 

We  have  an  example  of  a  plane  mirror  in  the  looking-glasses 
which  adorn  our  apartments.  In  these  mirrors  it  is  not  the  glass 
which  reflects  light  in  sufficient  quantity  to  give  neat  and  well- 
defined  images  ;  it  is  a  metallic  layer  on  the  back  of  the  glass. 
This  layer  is  an  amalgatn  of  tin,  that  is,  an  alloy  of  this  metal  with 
mercury.  The  glass  only  has  the  effect  of  giving  the  metal  the 
necessary  polish,  and  of  preserving  it  from  external  agencies  which 
tend  to  tarnish  it. 

Metal  mirrors  are  also  constructed  of  gold,  silver,  steel,  tin. 
They  all  have  the  defect  of  tarnishing  on  contact  with  the  air. 
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They  were  in  traquent  use  among  the  Romans.  The  first  mirror 
was  doubtless  the  surface  of  clear  water.  Those  of  metal  appear 
to  be  of  high  antiquity,  for  mention  is  made  in  Exodus  of  a  bronze 
ewer,  made  by  Moses  with  the  mirrors  offered  him  by  the  Israelitish 
women. 

x3i6.  rormation  of  imagres  in  plane  mirrors. — Plane  mirrors 
are  those  whose  surface  is  plane  ;  such,  for  example,  are  the  pier 
glasses  which  adorn  the  chimney-pieces  of  our  rooms.  To  under- 
stand the  formation  of  images  in  these  mirrors,  let  us  first  consider 
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tlie  case  in  which  a  very  small  object  is  placed  in  front  of  such  a 
mirror  ;  for  instance,  the  flame  of  a  candle  (fig.  24";).  A  divergent 
pencil  of  light  emitted  by  this  flame  and  falling  on  the  mirror  is 
reflected  there,  as  shown  in  fig.  245.  But  it  follows  from  the 
laws  of  reflection,  that  each  ray  of  this  pencil  retains,  m  reference  to 
the  mirror,  the  same  obliquity  as  it  had  before  ;  whence  it  follows, 
fhat  the  reflected  rays  have  the  same  divergence  m  reference  to 
each  other  as  the  incident  rays.    Hence  if  we  imagine  the  reflected 
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pencil  prolonged  behind  the  mirror,  all  the  rays  composing  it  will 
coincide  in  the  same  point.  But  as  we  always  see  objects  in  the 
direction  the  luminous  rays  have  when  they  reach  us  (314),  it  follows 
that  the  eye  which  receives  the  reflected  pencil  should  see  the  flame 
of  the  candle  just  in  the  place  where  the  prolongation  of  these 
reflected  rays  coincide.  There,  in  fact,  is  produced  the  image  of 
this  flame  as  seen  in  fig.  245. 

If  now,  instead  of  supposing  a  very  small  object  placed  in  front 
of  the  mirror,  we  consider  a  body  of  any  dimensions,  in  order  to 
understand  the  formation  of  its  image  we  need  do  no  more  than 


■    Fig-  246- 

apply  to  each  of  its  parts  what  has  been  said  in  reference  to  asingle 
luminous  point  ;  for  instance,  in  fig.  246,  which  represents  a  person 
in  front  of  a  mirror,  the  rays  from  the  forehead,  for  instance,  are 
reflected  from  the  mirror  and  return  to  the  eye,  producing  an 
image  of  the  forehead.  In  like  manner  the  rays  from  the  chin 
being  reflected  from  the  mirror  reach  the  eye  as  if  they  proceeded 
from  the  chin  of  the  image,  and  so  on  with  all  parts  of  the  face  ; 
hence  the  illusion  which  makes  us  see  our  image  on  the  other  side 
of  the  mirror. 

317.  ITature  of  the  imag;es  in  plane  mirrors.  Real  and 
virtual  images.— If  when  looking  in  a  mirror  we  raise  the  right 
hand,  it  is  the  left  which  seems  raised  in  the  mirror;  and  if  we 
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raise  the  left  hand  the  right  seems  raised.  We  should  falsely  ex- 
press this  transposition  of  the  parts  of  the  image  in  reference  to 
the  object  if  we  merely  said  that  the  image  was  reversed  ;  if  it  were 
nothing  else  than  the  object  reversed,  in  raising  the  right  hand  the 
image  should  also  i-aise  the  right  hand,  while  it  really  is  the  left 
which  is  raised. 

This  special  equality  which  exists  between  an  object  and  its 
image  is  expressed  by  saying  that  the  image  is  symmetrical  in 
reference  to  the  object  ;  that  is,  that  any  point  of  the  image  is 
arranged  behind  the  mirror  in  identically  the  same  manner  as  the 
corresponding  point  of  the  object  in  front.  For  it  may  be  shown 
by  geometrical  considerations  that  these  two  points  are  equidistant 
from  the  mirror,  and  on  the  same  right  line,  which  is  at  right  angles 
to  the  surface.  From  the  respective  distance  and  position  of  the 
different  parts  of  the  object  and  of  its  image,  it  is  concluded  that 
the  latter  is  of  the  same  magnitude  as  it,  and  equidistant  from  the 
mirror. 

Lastly,  images  formed  in  plane  mirrors  are  virtual,  by  which 
we  mean,  that  they  have  no  real  existence,  and  are  only  an  illusion 
of  the  eyes.  For  in  fig.  245  as  well  as  in  fig.  246  the  light,  as  it  does 
not  pass  behind  the  mirror,  cannot  form  any  image  there,  and  that 
which  we  see  has  no  existence  ;  this  is  expressed  by  the  word 
virtual  as  opposed  to  actual  or  real.  Virtual  images  are  only  an 
optical  illusion  ;  but  we  shall  soon  see  that,  in  concave  mirrors  and 
in  lenses,  real  images  are  produced  which  can  be  received  on 
screens  ;  this  is  a  criterion  by  which  they  are  distinguished  from 
virtual  images. 

We  may  thus  sum  up  what  we  have  said  :  images  i?i  plane 
mirrars  aj-e  symmetrical  in  reference  to  the  object,  of  the  same  mag?ii- 
tude,  at  the  same  distance  on  the  other  side  of  the  mirror,  and  are 
virtual. 

318.  Multiple  images  formed  toy  glass  mirrors.— Metallic 
mirrors  which  have  but  one  reflecting  surface  only  give  one  image  ; 
it  is  different  with  glass  mirrors,  the  two  surfaces  of  which  reflect 
though  to  an  unequal  extent.  For  if  we  apply  any  object,  the 
point"  of  a  pencil,  for  instance,  against  a  thick  piece  of  pohshed 
glass,  at  first  when  it  is  looked  at  obliquely  a  very  feeble  image  is 
seen 'in  contact  with  it;  then,  beyond  it,  another  and  far  more 
intense  one.  The  first  image  is  due  to  the  light  reflected  from  tlie 
front  surface  of  the  plate  ;  that  is,  on  the  glass  itself,  while  the 
second  is  due  to  the  light  which,  penetrating  into  the  glass,  is  re- 
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fleeted  from  the  layer  of  metal  by  which  the  hinder  face  is  covered. 
The  difference  in  intensity  of  the  two  images  is  readily  explained  ; 
glass  being  very  transparent,  only  a  small  quantity  of  light  is  re- 
flected from  the  first  face  of  the  mirror,  which  gives  the  least  intense 
image  ;  while  the  greater  part  of  the  incident  light  passing  into  the 
mass  is  reflected  from  the  surface  of  the  metal,  and  gives  the  most 
luminous  image. 

The  above  experiment  furnishes  a  simple  means  of  measuring 
the  thickness  of  a  glass  mirror.  For  the  more  intense  image  should 
appear  behind  the  layer  of  metal  at  the  same  distance  as  the  point 
of  the  pencil  in  front  ;  and  it  follows  thence,  that  the  distance 
between  the  point  of  the  pencil  and  the  point  of  its  image  is  double 
the  thickness  of  the  mirror.  If  this  distance  seems  to  be  the  eighth 
of  an  inch,  it  will  be  concluded  that  the  real  thickness  is  ^th  of  an 
inch. 

The  double  reflection  from  mirrors  is  prejudicial  to  the  sharpness 
of  the  images,  so  that,  m  scientific  observations,  metallic  mirrors 
are  preferred  to  glass  ones. 


Fig.  247. 


319-  Reflection  from  transparent  bodies.— We  have  seen  that 
glass,  spite  of  its  transparency,  reflects  a  sufficient  amount  of  li^ht 
to  give  images,  which,  though  feeble,  are  distinct.  The  same  is  the 
case  with  water  and  other  transparent  liquids.    Thus,  on  the  borders 
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of  a  pool,  we  see  formed  in  the  water  the  reversed  image  of  objects 
on  the  opposite  bank.  We  say  reversed  image,  so  as  to  express  the 
appearance  ;  but  more  strictly  we  should  say  symmetrical,  from 
what  we  have  before  said  (si?)- 

Fig.  247  represents  the  phenomenon  of  reflection  from  the 
surface  of  water  ;  it  shows  how  the  reflected  rays,  reaching  the  eye 
in  an  upward  direction,  reproduce  the  image  of  objects  situated 
above  the  water,  just  as  they  would  if  reflected  from  a  horizontal 
mirror.  A  highly  varnished  picture  is  a  mirror,  and  if  placed  so  as 
to  reflect  the  hght,  it  prevents  spectators  from  seeing  the  subject  ot 
the  picture. 


i 


!■  ig.  248. 

320.  Multiple  Images  in  parallel  or  inclined  glass  mirrors.— 

When  a  source  of  light  is  placed  between  two  plane  parallel  muTors, 
we  observe  a  series  of  images  the  brightness  of  which  gradually 
decreases. 

These  images  are  due  to  successive  reflections  on  the  two  mirrors. 
Thus,  let  M  and  N,  fig.  248,  be  the  sections  of  the  two  mirrors,  A  a 
luminous  body,  and  0  the  eye  of  the  observer.  This  latter  receives 
the  rays  which  come  directly  from  the  object  A,  and  in  addition 
the  following  pencils  ;  i.  the  ray  hbo  which  after  a  single  reflection 
gives  the  first  image  a;  ii.  the  ray  hcdo  which  after  two  reflections 
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furnishes  the  second  image  a";  iii.  the  ray  Ae/go  which  is  reflected 
three  times,  and  produces  a  third  image  a\  and  so  on  for  rays  which 
undergo  four,  five,  or  six  reflections.  The  number  of  images  is 
theoretically  infinite,  but  in  practice  it  is  hmited,  for  as  light  is  never 
completely  reflected  at  each  incidence  (312)  the  images  successively 
lose  their  lustre  and  finish  by  disappearing  entirely. 

In  order  not  to  complicate  the  figure,  only  those  rays  are  given 
which  fall  at  first  on  the  mirror  M;  but  the  same  construction 
should  be  repeated  for  the  mirror  N,  which  would  double  the 
number  of  images. 

It  the  mirrors,  instead  of  being  parallel,  make  an  angle  with 
each  other,  the  number  of  images  is  less.    Fig.  249  represents  the 


fig.  249. 

case  in  which  they  form  a  right  angle  ;  three  images,  a,  a'  a'  are 
hen  formed  ;  the  first  two  after  a  single  reflection  ;  the  third  after 
two  reflections.    If  the  angle  is  one  of  60  degrees,  there  are  five 
Ullages.  «n<-  uvi. 

The  Kaleidoscope,  which  consists  of  three  glass  mirrors  enclosed 
m  a  pasteboard  tube  at  an  angle  of  60°,  and  the  Debuscofie  of  two 
muTors  at  an  angle  of  60°,  are  well-known  applications  of  this  pro- 
perty  of  reflection  from  mclined  mirrors. 


CURVED  MIRRORS. 


321.  Concave  mirrors. -There  are  many   kinds  ot  curved 
m.rrors  ;  those  most  in  use  are  called  spkencaLnlrrors,  L^lt 
curvature  bemg  that  of  a  sphere.    They  maybe  eithe    o   n  I 
or  of  glass,  and  are  either  concave  or  convcr,  according  a"  t  è 
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reflection  is  from  the  internal  or  the  external  face  of  the  mirror. 
A  curved  watch-glass,  seen  from  above,  gives  an  idea  of  a  convex 
mirror,  especially  if  it  is  covered  by  a  coating  of  metal  on  the  m- 
side  ;  the  same  glass  coated  externally  and  seen  from  the  mside 
becomes  a  concave  mirror. 

To  facilitate  the  study  of  concave  mirrors  we  will  first  consider 
what  is  called  2.  section;  that  is,  the  figure  obtained  by  cutting  it 
into  two  equal  parts.  Let  MN  be  the  section  of  a  spherical  mirror, 
and  C  the  centre  of  the  corresponding  sphere.  In  reference  to  the 
sphere  this  point  is  called  the  centre  of  curvature  ;  the  point  A 
is  the  centre  of  the  figure.  The  right  line,  ACX,  which  passes 
throu-h  A  and  C,  is  the  principal  of  the  mirror  ;  any  right 
line  iQd,  which  simply  passes  through  the  centre  C,  and  not  through 


Fig.  250. 

the  centre  of  figure  A,  is  a  secondary  axis.  The  angle  MCN  formed 
by  joining  the  centre  and  extremities  of  the  mirror,  aperture 
A  Principal  or  meridional  section  is  any  section  made  by  ap  ane 
ttou"  h  i\s  principal  axis.  In  speaking  of  mirrors  those  lines  alone 
will  be  considered  which  lie  in  the  same  principal  section.  There 
^  only  one  principal  axis,  but  the  number  of  secondary  axes  is  un- 

^"'^The  theory  of  the  reflection  of  light  from  curved  mirrors  is 
easily  deduced  from  the  laws  of  reflection  from  plane  mirrors  by 
considerinc.  the  surface  of  the  former  as  made  up  of  an  infinitude 
xtremdy  small  plane  surfaces,  all  equally  inclined  to  each  other 
L  as  to  form  a  regular  spherical  surface.    Thus,  on  this  hypothesis 
\       VZv  of  light  falls  upon  any  point  whatever  of  a  curved 
it  fs  realfy  fi-om  a  small  plane  mirror  that  it  is  reflected  ; 
TrXtil^/ttÏÏ  place  then  in  aLrdance  with  the  laws  already 

^"''nicus  Of  concave  mirrors.-The  small  facettes  of  which 
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mirror,  it  follows  from  this  obliquity  that  the  rays  reflected  by  these 
mirrors  tend  to  unite  in  a  single  point,  which  is  called  the  focus,  as 
we  have  already  seen  in  the  case  of  heat  (213). 

To  explain  this  property  of  curved  mirrors,  let  SI  be  a  ray  fiill- 
mg  upon  such  a  mirror  parallel  to  the  axis  AX  (fig.  250).  From 
the  hypothesis  assumed  above,  the  reflection  takes  place  at  I,  on  an 
mfinitely  small  plane  mirror.  It  can  be  shown  by  geometrical  con- 
siderations that  the  perpendicular  to  this  small  mirror  is  represented 
by  the  right  line  CI  from  the  centre  C  to  the  point  I.    Hence  the 


i''ig.  251 


direction  of  the  reflected  rly  '  ''''' '''^^^h'  be  in  the 

as  !rth?rbot  tampTeT  '''T''''  '°  "^^'^ 
siderations,  thit  the  pT„tV'  7'  geometrical  con- 

is  the  middle  of  AcTt  fs'  f^"  ^hel"'-"--  cuts  the  axes, 
the  mirror.    This  pr'oner  v  equidistant  from  the  centre  and 

property  bemg  common  to  all  rays  parallel  to 

Y  2 
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the  axis,  it  follows  that,  after  reflection,  these  rays  will  all  coincide 
in  the  same  focus,  F,  as  shown  in  the  figure. 

The  focus  described  above,  namely,  that  formed  at  an  equal 
distance  from  the  centre  and  from  the  mirror,  is  called  the  principal 
focus  ;  it  is  produced  whenever  the  rays  falling  on  the  mirror  are 
parallel  to  its  axis.  An  example  of  this  is  seen  in  fig.  251,  which 
represents  a  pencil  of  solar  light  falling  upon  a  concave  mirror.  If 
a  small  ground  glass  screen  be  placed  where  the  reflected  rays  tend 
to  concentrate  themselves,  a  very  luminous  point  will  appear,  which 
is  the  principal  focus. 

323.  Conjugate  focus. — In  the  foregoing  examples  we  have 
considered  the  case  of  pencils  of  parallel  rays,  which  presupposes 
a  luminous  object  at  an  infinite,  or  at  all  events  a  very  great, 
distance.  Let  us  now  consider  the  case  in  which,  the  source  of 
light  being  at  a  small  distance,  the  rays  falling  on  the  mirror  are 
divergent,  as  shown  in  fig.  252.    Here  the  reflected  rays  are  con- 


Fig.  252. 


verged,  but  less  so  than  in  figs.  250  and  251,  which  results  from  the 
divergence  of  the  light  in  arriving  on  the  mirror.  Hence  the  point 
where  the  reflected  rays  coincide  is  more  distant  ;  instead  of  being 
at  F,  equidistant  from  the  mirror  and  the  centre,  it  is  at  b,  between 
the  points  F  and  C.  This  point,  b,  where  the  rays  coincide,  is 
also  a  focus.  To  distinguish  it  from  the  principal  focus  F,  it  is 
called  the  co7ipigate  focus,  from  a  Latin  word  meaning  connected  ; 
for  there  is  this  connection  between  the  position  of  the  luminous 
point  B,  and  that  of  the  focus,  that  when  the  luminous  object  is 
at  B,  the  rays  form  their  focus  at  b  ;  and  that,  conversely,  it  the 
luminous  object  is  removed  to  b,  the  reflected  rays  form  their  focus 
at  B. 
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We  have  seen  that  there  is  only  a  single  position  for  the  prin- 
cipal focus,  which  is  at  an  equal  distance  from  the  centre  and  from 
the  mirror  :  this  is  not  the  case  with  the  conjugate  focus,  the 
position  of  which  is  very  variable.  For  suppose  that  in  fig.  252 
the  candle  is  removed  away  from  the  mirror,  as  the  incident  rays 
make  then  gradually  increasing  angles  of  incidence  with  the 
perpendicular,  cm,  the  angles  of  reflection,  C7)ib,  increase  too,  and 
the  focus  b  approaches  the  point  F,  with  which  it  will  ultimately 
coincide,  when  the  candle  is  so  far  distant  that  the  incident  rays 
are  virtually  parallel. 

If,  on  the  contiary,  the  candle  is  brought  nearer  the  mirror,  the 
rays  falling  upon  it  make  with  the  perpendicular,  an,  angles  which 
are  gradually  smaller;  the  angles  of  reflection,  cmb,  decrease  also. 
Hence  the  rays  sent  by  the  mirror  coincide  at  gradually  greater 
distances,  the  focus  b  advances  towards  the  centre  and  if  the 
candle  comes  nearer  the  point,  so  as  to  coincide  with  it,  the  case 
will  be  the  same  with  the  focus  b  ;  so  that  the  candle  and  its  image 
will  coincide  at  c. 

Lastly  ;  if  the  candle,  always  approaching  the  mirror,  passes 
between  the  centre  of  curvature  and  the  principal  focus  F,  the 
conjugate  focus  b,  continually  removing  from  the  mirror,  passes 
on  the  other  side  of  the  centre,  and  is  formed  at  a  greater  distance, 
the  nearer  the  luminous  body  is  to  the  principal  focus  ;  if  the 
candle  coincides  with  this  latter  point,  the  conjugate  focus  forms 
at  an  infinite  distance,  that  is  that  the  reflected  rays  become 
parallel. 

These  different  effects  of  reflection  are  a  consequence  of  the 
constant  equality  between  the  angle  of  incidence  and  the  angle  of 
reflection.  They  are  very  simply  verified  by  placing  in  a  dark 
room  a  candle  in  front  of  a  concave  mirror  successively  in  various 
positions,  and  then  ascertaining  by  trial  where  the  luminous  focus 
is  formed  on  a  small  screen  of  paper  held  in  the  hand,  and  which 
is  approached  to  or  receded  from  the  mirror. 

324.  virtual  focus,— After  having  described  the  different  po- 
sitions of  the  point  in  which  the  rays  reflected  by  a  concave  mirror 
coincide,  when  the  luminous  body  is  either  beyond  or  in  the  prin- 
cipal focus,  we  have  to  inquire  what  becomes  of  these  same  rays 
when  the  source  of  light  is  in  any  point  P,  which  is  nearer  the 
mirror  than  the  principal  focus  (fig.  253).  In  this  case  the  reflected 
rays  form  a  diverging  pencil,  and  cannot  therefore  produce  any 
focus  m  front  of  the  mirror  ;  but  as  regards  the  eye  which  receives 
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them,  they  produce  exactly  the  same  effect  as  in  plane  mirrors 
(316)  ;  that  is,  the  eye  receives  exactly  the  same  impression  from  the 
reflected  rays  I M  and  im,  as  if  the  candle  were  placed  behind  the 
mirror  at  the  point  p,  where  the  prolongation  of  these  rays  coincide. 


Hence  the  image  of  the  candle  is  seen  at  p,  but  as  the  light  does 
not  penetrate  behind  the  mirror,  this  image  does  not  really  exist: 
hence  the  focus  which  seems  to  form  at  /  is  called  the  virtual  focus, 
the  expression  being  understood  in  the  same  sense  as  in  plane 
mirrors. 

325.  rormation  of  images  in  concave  mirrors. — Concave 
mirrors  give  rise  to  two  kinds  of  images,  real  and  yirtual.  Their 
formation  is  readily  understood  after  what  has  been  said  respecting 
the  conjugate  and  the  virtual  focus.  We  may,  however,  remark, 
when  a  luminous  or  illuminated  point  is  situate  on  the  principal 
axis  of  a  mirror,  its  focus,  real  or  virtual,  is  always  formed  on  this 
axis.  This  is  the  case  in  figs.  252  and  253,  but  if  the  luminous 
point  is  on  a  secondary  axis,  the  focus  is  formed  on  this  axis. 
Thus  if  in  fig.  250  a  candle  were  placed  at  d,  on  the  secondary 
axis  iZd,  the  reflected  rays  would  form  their  focus  on  the  line  C/. 
That  being  admitted,  let  us  see  how  images  are  formed  in  concave 

mirrors.  _  •    •,.  . 

Real  image.  If  a  person  places  hmiself  at  a  certam  distance  in 
front  of  a  concave  mirror,  he  no  longer  sees  himself  erect  and  of 
the  ordinary  size,  as  in  plane  mirrors,  but  reversed,  and  much 
smaller,  as  shown  in  fig.  254.  To  this  image  is  given  the  name 
real  iniage,\o  express  that  it  is  not  an  illusion  as  that  seen  m  plane 
mirrors  but  that  it  has  a  real  existence.  For  it  may  be  received  on 
a  screen  If  the  mirror  be  placed  in  front  of  an  object  powerfully 
illuminated,  as,  for  instance,  before  a  building  on  which  the  sun  is 
shining  and  a  person  places  himself  a  little  on  one  side,  holding  a 
small  white  screen  in  the  position  in  which  the  conjugate  focus 
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should  be  formed,  the  pencils  from  the  various  parts  of  the  edifice 
are  reflected  from  the  mirror  and  fall  on  the  screen,  forming  in 
miniature  an  image  not  less  remarkable  for  the  colour,  than  for  the 
fidelity  of  the  outlines  (fig.  255)  :  it  has  no  other  defect  than  that 
of  being  reversed. 

The  formation  of  this  image  is  readily  explained.  For  from 
what  has  been  said  in  reference  to  conjugate  foci  (323),  each  point 
of  the  image  is  the  conjugate  focus  of  the  corresponding  point  of  the 
illuminated  body,  and  is  on  the  same  secondary  axis.  But  as  all 


Fig.  254. 

the  secondary  axes  from  the  various  points  of  this  body  cross  in 
the  centre  of  curvature  of  the  mirror,  it  follows,  as  shown  in  the 
figure,  that  the  rays  emitted  by  the  higher  parts  of  the  body  converge 
towards  the  lower  part  of  the  image,  and  that  conversely  rays  from 
the  foot  unite  on  the  higher  parts  of  this  same  image,  which  explains 
how  it  is  the  latter  is  reversed. 

It  is  to  be  observed  that  the  real  image  in  concave  mirrors  is 
not  always  smaller  than  the  object  illuminated,  as  is  the  case  in 
the  above  two  figures  ;  it  may  also  be  larger.  This  is  the  case 
when,  the  object  being  placed  between  the  principal  focus  and  the 


328 


On  Light. 


[326- 


centre  of  curvature,  its  image  is  formed  outside  the  latter,  and  it  is 
then  larger  the  greater  the  distance  at  which  it  is  formed. 

Virtual  image.  Fig.  254  shows  how,  when  a  person  is  placed 
at  a  certain  distance  in  front  of  a  concave  mirror,  he  sees  himself 
smaller  and  reversed.  If  he  comes  nearer,  there  is  a  point  at 
which  no  image  is  seen.  This  is  the  case  when  he  is  between 
the  centre  and  the  principal  focus,  for  the  image  is  thus  formed 
behind  the  observer.  If  he  is  in  the  principal  focus  itself,  there 
is  no  image.    For  we  know  (323)  that  the  luminous  rays  pro- 


Fig.  255- 


ceeding  from  this  focus,  after  being  reflected  from  a  concave  mirror 
produce  a  parallel  luminous  pencil  :  hence,  as  the  rays  coincide 
neither  behind  nor  in  front  of  the  mirror,  they  cannot  give  rise 
to  any  image.  But,  approaching  the  mirror,  the  image  suddenly 
reappears,  and  instead  of  being  smaller  and  reversed  as  it  was,  is 
now  erect  and  much  enlarged,  as  in  fig.  256.  This  is  the  virtual 
image. 

To  account  for  the  formation  of  this  image  we  must  recall  wliat 
has  been  said  about  the  virtual  focus  (324)  :  First,  that  it  is  only 
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formed  as  long  as  the  luminous  or  illuminated  object  is  between' 
the  principal  focus  and  the  mirror  ;  second,  that  the  virtual  focus, 


or,  what  is  the  same  thing,  the 
virtual  image  of  any  point  of  the 
object,  is  behind  the  mirror  on 
the  secondary  axis  which  passes 
through  this  point.  Hence,  the 
head  of  the  observer  being  placed 
between  the  mirror  and  the  princi- 
pal focus  (fig.  257),  all  rays  from 
any  point,  a,  of  the  face  return  to 
the  eye  after  reflection,  as  if  they 
proceeded  from  the  point  A,  where 
the  prolongations  of  the  reflected 
rays  coincide  on  the  secondary 
axis,  CrtA.  In  like  manner,  rays 
from  the  point  b  return  to  the  eye, 
as  if  they  were  emitted  from  the 


point   B,  which  is  on   the  pro-  Fig.  256. 

longation  of  the  secondary  axis,  Ci^B.    The  eye,  sees,  therefore, 

at  AB,  an  erect  and  enlarged  image. 


F'g-  257- 


326.  Formation  of  images  in  convex  mirrors. — We  h-Tvc 
already  seen  that  convex  mirrors  are  spherical  mirrors,  which  re- 
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flect  light  from  their  external  surface,  that  is,  on  their  bulbed  side. 
Whatever  the  distance  of  a  luminous  or  illuminated  object  placed 

in  front  of  these  mirrors,  we 
never  obtain  any  other  than 
a  virtual  image  situated  on 
the  other  side  of  the  mirror, 
always  erect,  and  smaller 
than  the  object.  This  may 
be  verified  by  looking  in  a 
miiTor  of  this  kind,  as  repre- 
sented in  figure  258.  The 
formation  of  this  image  can 
be  easily  explained  by  an 
inspection  of  figure  259.  It 
is  here  smaller  than  the  ob- 
ject, for  it  is  nearer  than  the 
latter  to  the  point  where  the 
secondary  axes  coincide, 
while  the  reverse  is  the  case 
with  the  formation  of  the  vir- 
tual image  in  concave  mirrors. 
—The  applications  of  plane 


Fig.  258. 
327.  Applications  of 


mirrors. 


mirrors  in  domestic  economy  are  well  known.  Mirrors  are  also 
frequently  used  in  physical  apparatus  for  sending  light  in  a  certain 
direction.    The  sun's  light  can  onlv  be  sent  in  a  constant  direction 


Fig.  259. 


by  making  the  mirror  movable.  It  must  have  a  motion  which 
compensates  for  the  continual  change  in  the  direction  of  the  rays 
produced  by  the  apparent  diurnal  motion  of  the  sun.  This  result 
is  obtained  by  means  of  a  clock-work  motion,  to  which  the  mirror 
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is  fixed,  and  which  causes  it  to  follow  the  course  of  the  sun.  Such 
an  apparatus  is  called  a  heliostat.  The  reflection  of  light  is  also 
used  to  measure  the  angles  of  crystals  by  means  of  the  instruments 
known  as  reflecting  go7iiometers. 

Concave  spherical  mirrors  are  also  often  used.  They  are  some- 
times applied  for  magnifying  tnirrors,  as  in  a  shaving  mirror.  They 
have  been  employed  for  burning  mirrors,  and  are  still  used  in  tele- 
scopes, as  they  only  give  one  image.  They  also  serve  as  reflectors, 
for  conveying  light  to  great  distances,  by  placing  a  luminous  object 
in  their  principal  focus.  For  this  purpose,  however,  parabolic 
mirrors  are  preferable. 


CHAPTER  III. 
REFRACTION  OF  LIGHT. 

328.  Phenomenon  of  refraction. — When  a  ray  of  light  passes 
more  or  less  obliciuely  from  one  transparent  medium  into  another — 
for  instance,  from  air  into  water,  or 
from  air  into  glass — it  undergoes  a  de- 
flection from  the  straight  line  in  which 
it  proceeds,  as  seen  in  fig.  260,  which 
represents  a  ray  of  light  passing  from 
air  into  water.  This  change  in  direc- 
tion is  called  ref-actioti,  from  a  Latin 
word  meaning  broken  ;  for  the  ray  is, 
in  fact,  broken  at  the  point  A,  where 
it  passes  from  the  direction  LA  to  the 
direction  AK. 

The  ray  LA  is  called  again  the  incident  ray  ;  AK  is  the  re- 
fracted ray  ;  the  perpendicular,  fiC,  drawn  at  the  point  of  inci- 
dence, A,  of  the  surface,  MN,  which  separates  the  two  media,  is 
called  the  normal  ox  perpendicular  ;  the  angle,  BAL,  is  called  the 
angle  of  incidence  ;  and  the  angle,  C A  K,  the  angle  of  refraction. 
If  the  angle  of  incidence  is  zero,  that  is,  if  the  incident  ray  is 
perpendicular  to  the  surface,  the  same  is  the  case  with  the  refracted 
ray,  and  light  thus  travels  in  a  straight  line,  that  is,  is  not  refracted. 
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339.  Iiaws  of  refraction. — When  a  ray  of  light  is  refracted  in 
passing  from  one  medium  into  another  of  a  different  refractive 
power  the  following  laws  prevail  : 

I.  Whatever  the  obliquity  of  the  incident  ray,  the  ratio  which 
the  sine  of  the  i7tcident  an^le  bears  to  the  sine  of  the  angle  of  refrac- 
tion, is  constant  for  the  same  two  media,  but  varies  with  different 
media. 

II.  The  incident  and  the  refracted  ray  are  in  the  same  plane, 
which  is  perpendicular  to  the  sufface  separati?ig  the  two  media. 

These  laws  may  be  understood  by  reference  to  figure  261,  in 
which  the  ray,  LA,  passes  from  air  into  water.    If  from  the  point 

of  incidence,  with  a  radius  equal  to  unity, 
a  circle  be  described,  and  from  the  points, 
m  and  p,  where  it  cuts  the  incident  and 
refracted  rays,  perpendiculars,  mn  and 
pq,  are  drawn  to  the  normal,  BC,  the 
former  is  called  the  si7ie  of  the  angle  of 
incidence,  and  the  second  the  sine  of  the 
angle  of  refraction. 

It  is  the  ratio  of  these  sines,  these  per- 
pendiculars, which  is  constant  ;  that  is, 
F'g-  261-  that  pq,  for  instance,  being  three-quarters 

of  mn,  if  the  angle  of  incidence  diminishes  or  increases,  the  angle 
of  refraction  does  so  too,  but  the  sine  of  the  latter  will  always  be 
three-quarters  of  the  sine  of  the  former. 

This  constant  ratio  is  called  the  refractive  index,  or  index  of  re- 
fraction ;  its  value  varies  with  different  transparent  media. 

330.  Refracting  substances. — When  a  ray  of  light  is  refracted 
in  passing  from  one  medium  into  another,  sometimes  it  approaches 
the  normal,  forming  an  angle  of  refraction,  which  is  less  than  the 
angle  of  incidence,  as  is  the  case  in  the  above  figure  ;  sometimes, 
on  the  contrary,  it  is  deflected  away,  forming  an  angle  of  refraction, 
which  is  greater  than  the  angle  of  incidence.  In  the  first  case  the 
second  medium  is  said  to  be  more  réfringent  or  refractive  than  the 
first,  and  in  the  second  case  it  is'less  so. 

Among  the  most  réfringent  bodies  are  water,  alcohol,  ether,  the 
volatile  oils,  etc.  Diamond  is  the  most  réfringent  of  all  bodies. 
Gases  are  less  réfringent  than  water  ;  their  refracting  power  is 
increased  by  condensing  them,  that  is,  by  increasing  their  density. 

331.  Experimental  proofs  of  reftraction. — The  deviation 
undergone  by  luminous  rays,  on  passing  from  one  medium  to 
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another,  may  be  demonstrated  by  numerous  experiments.  Thus, 
if  in  a  dark  room  a  pencil  of  the  sun's  rays  be  allowed  to  fall  on  a 
glass  vessel  containing  water  (fig.  262),  the  pencil  can  be  very  dis- 
tinctly seen  to  be  broken  as  it  passes  from  air  into  water,  especially 
if  some  light  powder  has  been  diffused  through  the  air  and  the 
water  so  as  to  make  the  pencil  more  visible  (313). 


Fig.  262. 

Or  let  a  coin  be  placed  at  the  bottom  ot  an  opaque  vessel  (fig. 
263),  and  the  eye  be  placed  so  that  the  edge  of  the  vessel  just  inter- 
cepts the  view  of  the  coin.  If,  now,  without  altei-ing  the  position  of 
the  observer,  a  little  water  be  gradually  poured  into  the  vessel,  at 
first  only  the  edges  of  the  coin  will  be  seen,  then  half,  and  finally 
the  entire  piece.  Now  what  has  taken  place  here Nothing  has 
been  changed  in  the  position  of  the  eye,  or  in  that  of  the  piece: 
it  is  the  rays  from  the  latter  which  have  changed  their  direction. 
Those  which  were  before  intercepted  by  the  sides  of  the  vessel  are 
so  still  ;  but  rays  which,  before  there  was  water  in  the  vessel,  passed 
above  the  observer's  head,  are  directed  towards  the  eye,  being  re- 
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fracted  in  passing  from  water  into  air,  so  as  to  diverge  from  the  per- 
pendicular to  tlie  surface  of  the  liquid,  as  represented  in  the  figure. 
332.  Various  effects  of  refraction. — Refraction  of  light  pro- 
duces various  phenomena, 
the  effect  of  which  is  to  de- 
ceive the  eye  by  making  us 
see  objects  in  other  than 
their  true  positions  ;  thus,  we 
do  not  see  fish  in  the  place 
they  actually  occupy,  but  a 
little  higher,  as  indicated  by 
the  path  of  the  refracted  ray 
in  fig.  264.  It  will  be  under- 
stood that  in  consequence 
of  the  same  phenomena  we 
see  the  bottom  of  a  river  or  a  pond  higher  than  it  really  is  ;  we 
thus  under-esiimate  the  depth  of  the  water  to  such  an  extent  as  to 
be  dangerous. 


Fig.  203. 


Fig.  264. 


The  same  cause  makes  a  stick  half  immersed  in  water  appear 
broken  when  it  is  looked  at  at  the  side  ;  for  the  portion  out  of  the 
water  is  seen  in  its  true  position,  while  that  which  is  immersed 
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appears  raised,  from  which  results  the  appearance  of  the  stick 
being  broken  at  the  surface  of  the  hquid  (fig.  265).  The  part  of  a 
ship  or  boat  visible  under  water  appears  much  flatter  than  it  really  is. 

In  conclusion,  the  in- 
fluence may  be  mentioned 
which  refraction  exerts 
upon  the  apparent  rising 
and  setting  of  the  stars, 
which  we  can  see  a  little 
before  they  are  above  the 
horizon,  and  a  little  after 
they  have  sunk  below  it. 
To  explain  this  pheno- 
menon let  us  suppose  the 
atmosphere  divided'  into 
layers  parallel  to  the  sur- 
face of  the  globe,  as  re- 


Fig.  265. 


presented  in  fig.  266.  Owing  to  the  pressure  exerted  by  the  upper 
laj-ers  upon  the  lower  ones,  the  latter  are  more  dense  (12  ),  and 
therefore  mofe  réfringent,  for,  as  we  have  seen,  the  refracting  power 


of  the  air  mcreases  with  its  density  (330).  The  sun's  rays,  which 
penetrate  the  atmosphere,  are  always  refracted  in  the  same  direction 
as  they  pass  from  one  layer  to  another  :  hence  their  path,  instead 
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of  being  that  of  a  straight  line,  will  be  really  somewhat  curved. 
Thus  it  is  that,  while  the  sun  is  at  S,  below  the  horizon,  HH,  an 
observer  at  A,  on  the  surface  of  the  earth,  will  see  it  raised  by  an 
amount  which  is  generally  equal  to  its  apparent  diameter. 

333.  Changre  of  refraction  to  reflection. — Whenever  light 
passes  from  one  medium  mto  a  more  réfringent  one,  from  air  into 
water  for  instance,  there  is  nothing  to  prevent  the  refracted  ray 
from  approaching  the  normal,  to  form  an  angle  smaller  than  the 
angle  of  incidence  ;  but  if,  on  the  contrary,  the  second  medium  is 
less  réfringent  than  the  first,  in  which  case  the  refracted  rays  recede 
from  the  normal,  there  is  a  limit  to  their  deviation,  and  hence  re- 
fraction may  become  impossible. 

To  get  a  clearer  idea  of  this,  let  us  imagine  a  hollow  glass 
sphere  half  filled  with  water  (fig.  267),  and  a  ray  of  light,  LA,  to 

enter  the  liquid  without  being  re- 
fracted, which  is  the  case  when  it 
penetrates  at  right  angles  the  small 
facette  which  we  can  always  con- 
ceive to  exist  at  the  point  at  which 
it  enters.  This  ray  is  refracted  at 
A  in  passing  from  water  into  air, 
and  diverges  from  the  normal, 
BAC,  in  the  direction  AR.  Now, 
conceive  the  luminous  body  to 
move  gradually  from  AC  ;  as  the 
angle  of  incidence,  CAL,  increases, 
the  angle  of  refraction,  BAR,  does 
so  too  ;  and  an  angle,  CAL,  might  acquire  such  a  magnitude  as  to 
emerge  parallel  to  the  surface,  AM,  of  the  liquid.  This  angle  of 
incidence  is  what  corresponds  to  the  limit  of  refraction.  For,  for 
any  greater  angle  of  incidence,  the  angle  of  refraction  should  exceed 
the  angle  BAM  ;  and  the  hght  would  then  take  below  AM  a  direc- 
tion such  as  Ar.  There  would,  however,  then  be  no  refraction,  for 
the  light,  always  travelling  through  water,  does  not  change  its 
medium.  If  the  incident  ray  bç  then  represented  by  /A,  if  we 
measure  the  two  angles  /AC  and  CAr,  it  will  be  found  that  they 
are  exactly  equal,  which  shows  that  at  the  point  A  the  light  is 
reflected  according  to  the  ordinary  laws  of  reflection. 

This  kind  of  reflection  at  the  surface  which  separates  two  media 
of  different  refracting  power,  is  called  intentai  reflection  :  it  is  also 
called  total  reflection,  for  here  the  whole  of  the  incident  light  is 


Fig.  267. 
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reflected,  which  is  never  the  case  in  ordinary  reflection,  even  in  the 
best  poHshed  surfaces  ("312). 

The  phenomenon  is  frequently  met  with  ;  thus,  if  a  silver  spoon 
be  placed  in  a  glass  of  water,  and  it  be  raised  above  the  eye,  the 
surface  of  the  liquid  is  seen  brighter  than  the  polished  metal,  and 
one  portion  of  the  spoon  forms  an  image  in  it  as  in  a  mirror.  Similar 
effects  are  met  with  in  aquariums.  The  upper  surface  of  the  liquid, 
when  looked  at  from  a  suitable  position  below,  gives  a  reflected 
image  of  the  objects  it  contains. 

334.  Mirage.— The  j/iirage  is  an  optical  illusion  by  which  in- 
verted images  of  distant  objects  are  seen  as  if  below  the  ground,  or 
sometimes  as  if  in  the  atmosphere.    This  phenomenon  is  of  most 


Fig,  268. 

frequent  occurrence  in  hot  climates,  and  more  especially  on  the 
sandy  plams  of  Egypt.    The  ground  there  has  often  the  aspect  of 

Ji  it'' r  the  surro.mdin; 

villages.    The  phenomenon  has  long  been  known;  but  Mon<.e 

;t:  rnTpf^ii^r  "         -  --^^^ 

aeniltyit^X^^rr:^:^^^^ 
contact  w:th  the  heated  so.l.    The  least  dense  llyers  are  h^  t'^ 
owest,and  a  luminous  ray  from  an  elevated  object, /(fi.  "  68) 
traverses  layers  which  are  gradually  less  refrac  ing  firas 
have  shown  (330),  the  refracting  power  of  a  gas  din  in^he'v  Iv 
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lessened  density.  The  luminous  ray  continues  its  path,  being,  how- 
ever, more  and  more  bent  from  one  layer  to  the  other,  until  the  angle 
of  incidence,  which  continually  increases,  reaches  the  limit  at  which 
internal  reflection  succeeds  to  refraction  (333).  The  ray  then  rises 
at  a,  as  seen  in  the  figure,  and  undergoes  a  series  of  successive  re- 
fractions, but  in  a  direction  contrary  to  the  first,  for  it  now  passes 
through  layers,  which  are  gradually  more  and  more  dense,  and 
therefore  more  refracting.  The  luminous  ray  then  reaches  the  eye 
with  the  same  direction  as  if  it  had  proceeded  from  a  point  below 
the  ground,  and  hence  it  gives  an  inverted  image  of  the  object,  just 
as  if  it  had  been  reflected  at  the  surface  of  a  tranquil  lake. 

Mariners  sometimes  see  in  the  air  images  of  the  shores,  or  of 
distant  vessels.  These  are  called  fata  morgana.  This  is  due  to 
the  same  cause  as  the  mirage,  but  is  in  a  contrary  direction  ;  it 
only  occurs  when  the  temperature  of  the  air  is  above  that  of  the  sea, 
for  then  the  inferior  layers  of  the  atmosphere  are  denser,  owing  to 
their  contact  with  the  surface  of  the  water.  To  the  same  class  of 
phenomena  belong  the  tremulous  appearance  of  objects  seen  through 
the  current  of  hot  air  rising  from  a  chimney  or  a  spirit  lamp.  It  is 
related  that  in  this  way  clandestine  stills  have  been  detected  by  the 
Revenue  officers.  Some  of  the  stories  of  second  sight  may  possibly 
have  their  origin  in  phenomena  of  this  kind. 


CHAPTER  IV. 

EFFECTS  OF  REFRACTION  THROUGH  PRISMS  AND  THROUGH 

LENSES. 

335.  Media  witn  plane  parallel  faces.— When  a  luminous 
pencil  traverses  a  transparent  medium,  three  cases  may  be  con- 
sidered First,  that  in  which  the  medium  is  comprised  between 
two  parallel  planes  ;  second,  that  in  which  it  is  comprised  between 
two  plane  surfaces  inclined  towards  each  other  ;  thirdly,  that  in 
which  the  medium  is  comprised  between  two  cui-ved  surfaces,  or 
between  a  curved  and  a  plane  surface,  which  gives  rise  to  similar 

We  will  start  with  the  consideration  of  the  first  case,  and  let  Lw 
be  a  ray  of  light  traversing  a  glass  plate,  AB,  with  parallel  faces 
(fig  269).    In  passing  from  air  into  glass  at  the  point      this  ray 
approaches  the  perpendicular  ;  but  as,  on  its  emergence  from  the 
1, 
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glass  at  the  point  it  deviates  from  the  perpendicular  by  exactly 
the  same  amount,  it  follows  that,  after  having  traversed  the  glass 
plate,  its   direction   On  is 

exactly  parallel  to  Lw  ;  P«ifl*3''''. 
whence  we  conclude  that 
light  is  not  deviated  when 
it  traverses  a  medium  with 
parallel  faces,  such  as  the 
glass  panes  in  our  windows. 

336.  Prisms. — In  optics 
a  prism  is  any  transparent 


Fig.  26g. 


F,g.  270. 


medium  comprised  between  two  plane  faces  inclined  to  each  other. 
Thus,  the  facettes  of  a  glass  stopper  taken  in  pairs  form  as  many 
prisms. 

Fig.  270  represents  the  shape  and  arrangement  of  pri=ms  for 
optical  experiments.  It  is  a  piece  of  glass  cut  laterally  in  three 
plane  faces,  and  the  ends  of  which  are  also  equal  and  parallel 
triangular  faces.  The  three  right  lines  which  form  the  intersection 
of  two  faces  of  the  prism  are  called  the  edges.  The  mass  of  glass 
thus  cut  may  be  turned  about  an  axis  parallel  to  its  edges  •  and  it 
IS,  moreover,  mounted  on  a  stand  with  a  double  joint,  so  that  it  can 
be  placed  in  any  position  whatever. 

Prisms  produce  a  remarkable  effect  upon  light  which  traverses 
hem.    First  a  deviation,  and  second  a  decomposition  into  various 
kinds  of  hght.    Although  these  effects  are  always  simultaneous 
vve  shall  examine  the  first  by  itself:  the  second  will  be  afterwards 
investigated  under  the  head  of  dispersion. 

7.  2 
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337.  Path  of  rays  In  a  prism. — To  trace  the  path  of  a  ray  of 
light  in  passing  through  a  prism,  let  us  suppose  this  cut  by  a  plane 

perpendicular   to  its 
i.r  edges,  and  let  7nno, 

\\  (fig.  271)  be  the  sec- 

i  i  tion  thus  obtained.  If 

we  consider  the  path  cf 
a  ray  of  light  ha  along 
this  section  and  meet- 
ing the  prism  at  a, 
ray  approaches 
perpendicular  to 
surface  and 
takes  the  direction 
ab.    But  on  emerging 

from  the  prism  it  is  again  broken  in  the  same  direction,  being 


Fig.  272. 

deflected  from  the  perpendicular  at  the  surface  mo  ;  for  it  passes 
into  a  less  refracting  medium.     It  forms  then  a  broken  Ime 
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'Labc;  so  that  the  eye  which  receives  the  ray,  ^^-j  which  is  called 
the  emergent  ray,  sees  the  object  in  the  direction  cbr  ;  that  is, 
raised  towards  the  point  m  ;  which  is  expressed  by  saying  that  an 
object  seen  through  a  prism  appears  deflected  towards  the  siimmil  ; 
that  is,  the  edge  which  separates  the  faces  of  incidence  and 
emergence. 

The  phenomenon  is  very  easily  demonstrated  by  observing 
through  a  prism  any  object  whatever,  as  represented  in  hg.  272. 
This  is  seen  to  be  raised  when  the  summit  of  the  prism  is  upper- 
most, and  lowered  when  th;  summit  is  downward.  If  the  prism 
is  vertical,  the  image  is  displaced  either  to  the  right  or  to  the  left 
of  the  observer,  according  to  the  position  of  the  summit  in  either 
direction. 

This  property  which  prisms  have,  of  twice  deflecting  the  light  in 
the  same  direction,  is  the  basis  of  all  that  has  to  be  said  aboiit 
lenses. 

LENSES. 

338.  Different  kinds  of  lenses. — In  optics  the  name  lens  is 
given  to  discs  of  glass  bounded  by  two  spherical  surfaces,  or  by  a 


plane  and  a  spherical  surface.  The  true  lens,  the  only  one  to 
which  the  name  is  strictly  applicable,  is  that  in  which  both  surfaces 
are  bulged,  such  as  represented  in  a  side  view  in  fig.  273,  and  m 
front  in  fig.  274  ;  but  this  term  of  lens  has  been  extended  to  other 
masses  of  glass,  from  the  analogy  of  their  action  on  light. 

They  are  usually  made  either  of  crown  gLxss,  which  is  free  from 
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lead,  or  of  flint  glass,  which  contains  lead,  and  is  more  refractive 
than  crown  glass. 

The  combination  of  spherical  surfaces,  either  with  each  other  or 
with  plane  surfaces,  gives  rise  to  six  kinds  of  lenses,  sections  ot 
which  are  represented  in  figs.  275,  276  ;  four  are  formed  by  two 
spherical  surfaces,  and  two  by  a  plane  and  a  spherical  surface. 

M  is  a  double  convex,  N  is  a  plano-convex,  O  is  a  converging 
concavo-convex  ;  P  is  a  double  concave,  Q  is  a  plano-concave,  and 
R  is  a  diverging  concavo-convex.  The  lens  O  and  the  lens  R  are 
are  also  called  meniscus  lenses  from  their  resemblance  to  the 
crescent-shaped  moon. 

M  NO  P  2  n 


The  first  three,  which  are  thicker  at  the  centre  than  at  the 
borders,  are  cojiverging  ;  the  others,  which  are  thinner  in  the 
centre,  are  diverging.  In  the  first  group,  the  double  convex  lens,  M, 
only  need  be  considered,  and  in  the  second  the  double  concave, 
P,  as  the  properties  of  these  lenses  are  in  principle  the  same  as 
all  those  of  the  corresponding  groups. 

339.  Principal  axis;  optical  centre  ;  secondary  axes. — Before 
describing  the  properties  of  double  convex  lenses,  we  must  premise 
some  definitions  analogous  to  those  already  given  for  mirrors.  A 
double  convex  lens  is,  as  shown  in  fig.  277,  the  portion  common  to 
two  spheres  which  intersect  each  other.  That  being  premised,  the 
centres  C  and  c  of  these  spheres  are  called  the  ce?itres- of  curvature 
of  the  lens,  and  the  straight  line,  XY,  which  passes  through  these 
points,  is  the  principal  axis. 

Besides  these  two  centres  of  curvature,  there  is  a  remarkable 
point  in  the  lenses,  called  the  optical  cetitre.  This  name  is  given 
to  a  point  O,  on  the  principal  axis,  equidistant  from  the  two  faces 
of  the  lens  ;  at  all  events,  when  they  have  the  same  curvatures, 
which  is  the  usual  case.  Now  it  can  be  shown  by  geometi-ical 
considerations,  that  any  ray  of  light  which  passes  through  the 
optical  centre,  emerges  without  deflection  ;  that  is,  it  comports 


Fig.  275. 


Fig.  276. 
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itself  just  as  if  it  traversed  a  medium  with  parallel  faces  (335)> 
while  the  luminous  rays  which  do  not  pass  through  this  point  are 
deflected  twice  in  the  same  direction,  as  in  passing  through  prisms 
(337). 


Fig.  277. 


Any  straight  line,  KH,  which  passes  through  the  optical  centre, 
without  passing  through  the  centres  of  curvature,  is  a  secondary  axis. 
There  is  only  one  principal  axis,  but  the  number  of  secondary  axes 
is  unlimited.  We  shall  subsequently  learn  that  the  principal  and 
the  secondary  axes  play  exactly  the  same  part  in  the  formation  of 
images  in  lenses,  as  they  do  in  concave  or  convex  mirrors. 

In  order  to  compare  the  path  of  a  luminous  ray  in  a  lens  with 
that  in  a  prism,  the  same  hypothesis  is  made  as  for  curved  mirrors 
(321),  that  is,  the  surfaces  of  these  lenses  are  supposed  to  be  formed 
of  an  infinity  of  small  plane  surfaces  or  elements  ;  the  normal  at 
any  point  is  then  the  perpendicular  to  the  plane  of  the  corresponding 
element  :  at  m,  for  instance,  it  is  the  straight  line  viQ.  joining  the 
point  m  to  the  centre  of  curvature  ;  in  like  manner  at  n  the  normal 
is  cn.  This  being  premised,  the  properties  of  lenses  are  easily  de- 
duced from  those  of  prisms  (337). 

340.  Path  of  rays  in  double  convex  lenses.  Foci. — The  rays 
of  light  which  traverse  a  lens  may  be  either  parallel  or  divergent  ; 
we  will  first  consider  the  former  case,  and  suppose  furtlier  that  the 
rays  are  parallel  to  the  principal  axis,  as  shown  in  fig.  278.  Arguing 
on  the  above  hypothesis,  that  the  curved  surface  of  a  lens  is  an  as- 
semblage of  small  plane  facettes,  or  elements  inclined  towards  each 
other,  it  will  be  seen  that  the  ray  X,  which  coincides  with  the  prin- 
cipal axis,  traverses  the  lens  perpendicularly  to  the  facettes  on  en- 
trance, and  emergence  ;  and  that,  therefore,  it  continues  to  travel  in 
a  right  line  as  traversing  in  reality  a  medium  with  parallel  faces. 
This,  however,  is  not  the  case  with  any  other  ray,  L,  more  or  less 
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distant  from  the  principal  axis  ;  for  here,  the  small  facettes  at  the 
points  of  incidence  and  emergence  being  inclined  to  each  other  like 
the  faces  of  a  prism,  the  ray  is  twice  bent  in  the  same  direction,  so 
as  to  cut  the  principal  axis  in  a  point  F.  Any  other  ray,  M,  is  de- 
flected in  the  same  manner,  and  although  more  distant  from  the 
principal  axis,  will  cut  it  at  F  ;  which  arises  Irom  the  fact  that  the 


Fig.  278. 

two  opposite  facettes  at  the  points  of  entrance  and  emergence,  beirg 
the  more  inclined  to  one  another  the  nearer  they  are  to  the  edges 
of  the  lens,  impart  to  the  ray  a  greater  deviation  All  rays  parallel 
to  the  axis  behave  in  the  same  manner  after  having  traversed  the 
lens,  and  it  can  thus  be  understood  how  a  parallel  pencil  is  trans- 
formed into  a  converging  pencil.  The  point  where  all  the  rays 
which  were  parallel  to  the  axis  coincide  is  called,  as  in  the  case  of 
mirrors,  the primipal focus,  and  we  shall  represent  it  by  the  letter 
F.  It  may  be  formed  on  either  side  of  the  lens  according  to  the 
direction  in  which  light  is  propagated. 

The  focus  of  a  double  convex  lens  is  shorter  the  greater  the 
curvature  of  its  faces.  It  depends  also  on  the  nature  of  the  material 
of  which  the  lens  is  formed  ;  the  greater  the  refractive  index  (330) 
the  shorter  is  the  focus.  Thus,  a  lens  of  water,  the  refractive  index 
of  which  is  r336,  would  have  a  longer  focus  than  one  of  glass  whose 
refractive  index  is  r6.  A  lens  of  diamond  or  of  ruby  would  have 
a  shorter  focus  than  one  of  glass. 

The  position  of  the  principal  focus  is  fixed  and  is  easy  to  deter- 
mine ;  nothing  more  is  required  than  to  receive  on  the  lens  a  pencil 
of  parallel  rays,  a  pencil  of  solar  light  for  instance,  and  then  to  hold 
behind  the  lens  a  sheet  of  white  paper.  By  moving  this,  a  position 
is  found  in  which  the  luminous  circle  formed  on  the  screen  attains 
its  maximum  lustre  ;  this  point  is  the  principal  focus. 

341.  Conjugate  focus  We  will  now  consider  the  case  in  which 

the  source  of  light  is  at  a  small  distance,  but  yet  farther  than  the 
principal  focus  (fig.  279).    The  pencil  which  is  incident  upon  the 
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lens  being  then  divergent,  it  follows  that,  after  having  traversed  the 
lens,  the  rays  converge  less  rapidly  than  in  fig.  278,  and  that,  there- 
fore, they  no  longer  coincide  in  F,  but  beyond  it,  in  a  point  /,  which 
is  called  the  conjugate  focus  of  the  point  L,  to  express,  as  in  con- 
cave mirrors,  the  correlation  of  these  two  points  ;  which  is  of  such 
a  kind  that  when  the  luminous  object  passes  from  L  to  /,  the  con- 
jugale focus  conversely  passes  from  /  to  L. 

The  position  of  the  conjugate  focus  is  not  fixed  ;  it  varies  with 
that  of  the  luminous  object  :  the  nearer  this  is  to  the  lens  the  more 
distant  is  the  conjugate  focus,  as  shown  by  comparing  fig.  280  with 
fig.  279  ;  in  fact,  the  incident  rays  being  more  and  more  diverging, 
the  emergent  rays  are  necessarily  so  too. 

Fig.  279. 


'\wmss 

Fig.  280. 

We  will  now  consider  the  case  in  which  the  luminous  object, 
coming  continually  nearer  the  lens,  ultimately  coincides  with  the 
principal  focus  (fig.  281).  This  being  the  point  where  rays  parallel 
to  the  axis  coincide,  it  follows,  conversely,  that  luminous  rays, 
which  emanate  from  this  point,  pursue  in  the  opposite  direction  the 
same  path  as  in  arriving  ;  that  is  to  say,  that  they  form  on  emerging 
from  the  lens  a  pencil  parallel  to  the  axis,  and  that  in  the  present 
case  no  focus  can  be  produced  at  any  distance. 

342.  Virtual  focus.— We  have  still  to  consider  another  focus, 
the  virlttal  focus.  Let  us  suppose  a  luminous  object,  continually 
coming  nearer  the  lens,  ultimately  comes  between  it  and  the  prin'- 
cipal  focus  (fig.  282).    The  divergence  of  the  incident  pencil  being 
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then  greater  than  in  fig.,  281,  it  follows  that  the  rays  after  emergence 
will  be  more  and  more  spread  out  than  in  this  figure  :  they  should, 
therefore,  become  divergent,  as  sho  wn  in  the  pencil  MN.  The  eye 
which  receives  these  rays  will  suppose  that  they  proceed  from  the 
point  /,  where  their  prolongations  coincide.  In  this  point  the 
luminous  object  will  appear  ;  it  is  then,  however,  only  a  virtual 
focus,  just  like  that  in  a  concave  mirror,  when  the  luminous  object 
is  placed  between  the  mirror  and  its  principal  focus. 

343.  Summary  of  properties  of  double  convex  lenses. — 
From  what  has  been  said,  we  may  deduce  the  three  following  prin- 
ciples as  to  the  properties  of  double  convex  lenses. 

Fig.  281. 


Fig.  282. 

I.  Luminous  rays  parallel  to  the  axis,  after  having  traversed  a 
double  convex  lens,  coincide  in  a  single  point  which  is  the  princi- 
pal focus  (fig.  278)  ;  and  conversely,  rays  from  this  focus  form,  on 
their  emergence  from  the  lens,  a  pencil  parallel  to  the  axis  (fig.  281). 

II.  Luminous  rays  emitted  from  a  point  outside  the  principal 
focus  emerge  convergent  from  the  lens,  and  coincide  in  a  point 
called  the  conjugate  focus  (fig.  279),  which  is  formed  at  a  greater 
distance  behind  the  lens,  the  nearer  is  the  luminous  object  to  the 
principal  focus,  fig.  278. 

III.  Finally,  the  rays  from  a  point  between  the  lens  and  the 
principal  focus  emerge  divergent,  and  give  rise  to  a  virtual  focus  on 
the  same  side  as  the  object  (fig.  282). 

These  ideas  in  reference  to  foci  are  indispensable  in  the  expla- 
nation of  the  formation  of  images  by  lenses. 
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FORMATION  OF  IMAGES  IN  LENSES. 

344.  Heal  imagres  in  double  convex  lenses. — The  refraction 
of  light  in  double  convex  lenses  gives  rise  to  images,  which  are 
quite  comparable  to  those  seen  by  reflection  in  concave  mirrors 
(325),  and  which  like  these  are  of  two  kinds,  real  and  virtual. 

We  will  first  consider  the  case  of  the  real  image.  This  is 
formed  whenever  any  object  is  placed  in  front  of  a  condensing 
lens  outside  its  principal  focus  ;  the  lens  reproduces  then  on  the 
other  side  a  reversed  image  of  the  object,  which  may  be  caught 
upon  a  screen  (fig.  283),  and  is  not  less  remarkable  for  the  fidelity 
of  the  colour  than  for  the  accuracy  of  the  outlines  ;  this  is  the  real 
image.    Its  formation  nny  be  readily  understood  by  reference  to 
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Fig.  283. 

what  has  been  said  about  conjugate  foci  (341).  Yet  it  must  be 
added,  that  as  all  the  properties  of  the  principal  axis  apply  also 
to  the  secondary  axes,  it  follows  that  as  a  point  on  the  principal 
axis  has  always  its  focus  on  this  axis,  so  also  any  point  on  a 
secondary  axis  has  its  focus  on  the  latter.  Hence,  in  the  above 
figure,  all  rays  from  the  point  A  converge  at  a  on  the  secondary 
axis  through  this  point,  and  form  the  conjugate  focus  of  this  point, 
that  is  to  say,  its  image.  In  like  manner,  the  image  of  the  point 
B  is  formed  at  d,  and  as  the  same  is  the  case  for  all  points  of  the 
object,  the  result  is  a  series  of  conjugate  foci  ;  these  in  their 
entirety  constitute  the  image  al^,  which  is  inverted  and  smaller  : 
the  reversal  arises  from  the  crossing  of  the  secondary  axes  between 
the  object  and  the  image,  and  its  smallness  from  its  being  formed 
nearer  the  lens  than  the  object  is. 
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Yet  the  image  is  not  always  smaller  than  the  object  ;  it  may  be 
larger.  For,  from  the  reciprocity  of  position  between  the  object 
and  its  conjugate  focus  (343),  if,  in  fig.  283,  ab  were  the  object, 
then  as  the  luminous  rays  pursue  the  same  path,  but  in  the  opposite 
direction,  the  iniage  would  be  formed  at  AB,  reversed  as  before, 
but  larger.  A  double  convex  lens  may  thus  give  real  imagts, 
which  are  either  smaller  or  larger  than  the  object.  This  may  be 
verified  by  the  following  experiment  ;  in  a  dark  room  a  double 


Fig.  2S4. 

convex  lens  is  placed,  and  in  front  of  it,  but  some  yards  beyond 
the  principal  focus,  a  lighted  candle.  If  then  there  is  placed 
behind  the  lens  a  screen,  which  can  be  placed  more  or  less  near, 
a  position  is  found  in  which  there  is  produced  on  the  screen  a  very 
small  and  inverted  image  of  the  candle,  as  shown  in  fig.  284.  If, 
on  the  contrary,  the  lens  be  brought  nearer  the  candle,  and  at  the 
same  time  the  distance  of  the-  screen  be  increased,  an  inverted 
image  is  obtained,  but  it  is  greatly  enlarged  (fig.  285). 

This  principle,  that  double  convex  lenses  give  real  and  very 
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sDiall  images  of  distant  objects,  and,  on  the  contrary,  greatly 
magnijied  images  of  near  objects,  will  meet  with  numerous  applica- 
tions in  the  optical  instruments  which  will  be  presently  described, 
such  as  the  microscope,  the  telescope,  magic  lantern,  and  phantas- 
maeorin. 


Fig.  2Sj. 


545.  Virtual  imagres  in  double  convex  lenses. — Besides  the 
real  images  we  have  just  considered,  double  convex  lenses  give 
also  virtual  images,  which  are  produced  under  the  same  conditions 
as  the  virtual  foci  ;  that  is,  when  the  object  is  between  the  lens  and 
the  principal  focus.  For  let  an  object,  ab  (fig.  286),  be  placed  between 
a  double  convex  lens  and  its  prmcipal  focus  :  applying  here  what  was 
previously  said  in  reference  to  viitual  foci,  we  know  that  all  rays 
proceeding  from  any  point,  a,  of  the  object  emerge  while  diverging, 
and  reach  the  eye  as  if  they  proceeded  from  the  point  A,  where 
the  prolongation  of  the  same  rays  coincide,  and  where  there  is 
formed  for  the  eye  the  virtual  image  of  the  point  a.  For  the  same 
reason  the  eye  sees  at  B  the  image  of  h  ;  hence  the  image  of  AB 
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appears  at  AB,  but  it  is  virtual  ;  that  is  to  say,  it  does  not  really 
exist,  it  could  not  be  received  on  a  screen,  and  is  only  an  optical 
illusion. 


Fig.  286. 


It  is  to  be  remarked  that  in  opposition  to  what  takes  place  when 
the  image  is  real,  the  virtual  image  is  erect,  and  in  all  cases  larger 
than  the  object;  the  rectification  of  the  image  arises  from  the  fact 
that  the  secondary  axes  do  not  intersect  between  the  image  and 
the  object,  but  beyond  it  ;  the  magnification  arises  from  the  image 
being  further  than  the  object  from  the  point  of  intersection  of  the 
secondary  axes  which  pass  through  a  and  b. 

The  term  lens  is  applied  to  the  lenticular  glasses  used  as  mag- 
nifying glasses.  Everyone  is  aware,  that  if  the  print  of  a  book  be 
closely  looked  at  through  such  a  lens  it  will  appear  larger  ;  if 
the  lens  be  progressively  removed,  a  moment  is  reached  when  the 
characters  disappear.  This  is  the  case  when  they  are  in  the  prin- 
cipal focus  :  when  it  is  still  further  removed  the  characters  re- 
appear ;  but  they  are  reversed,  for  then  they  are  beyond  the 
principal  focus. 

346.  Double  concave  lenses  ;  foci  and  imag'ss. — We  have 
seen  in  speaking  about  double  convex  lenses,  that  as  the  thickness 
decreases  from  the  centre  towards  the  edges,  the  small  plane  facettes, 
corresponding  to  the  incidence  and  convergence  of  the  same  ray, 
are  more  and  more  inclined  from  the  centre  to  the  peripherj'. 
But  in  double  concave  lenses,  on  the  contrary,  where  the  thickness 
increases  from  the  centre  to  the  edge,  the  small  facettes  are  more 
and  more  apart  ;  and  hence  the  opposite  phenomena.    For,  while 
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double  convex  lenses  cause  the  rays  traversing  them  to  coincide, 
by  breaking  them  twice  in  the  same  direction,  so  as  to  bring  them 
nearer  the  principal  axis,  double  concave  lenses  produce  the  oppo- 
site effect,  and  only  increase  the  divergence  of  the  rays. 

This  phenomenon  may  be  readily  understood  by  reference  to 
fig.  287,  in  which  it  is  apparent  how  the  rays  are  twice  broken  in 
the  same  direction,  so  as  to  diverge  from  the  axis,  and  give  rise  to 
the  diverging  pencil  MN.  But  the  eye  which  receives  this  pencil 
is  acted  upon  by  it,  as  if  the  luminous  object  were  at  /  ;  there  is 
thus  produced  a  virtual  focus,  the  only  one  possible  in  double 
concave  lenses. 


Fig.  287. 


As  these  kinds  of  lenses  have  only  virtual  foci,  they  can  produce 
none  but  virtual  images  ;  these  images  are,  moreover,  always  erect 
and  smaller  than  the  object.  Thus  let  AB  be  an  object  seen 
through  a  double  concave  lens  (fig.  288)  ;  the  luminous  pencil 
from  A  is  deflected  on  passing  through  the  lens  in  such  a  manner 
as  to  reach  the  eye  as  if  it  were  emitted  from  a  point,  a,  on  the 
secondary  axis,  AO.  In  like  manner,  the  pencil  from  the  point 
B  reaches  the  eye  as  if  it  started  from  the  point  b.  There  is  formed 
therefore  at  ab,  between  the  secondary  axes,  AO  and  BO,  a  virtual 
image  of  the  object,  AB,  which  is  smaller  and  erect.  This  image 
is  necessarily  always  smaller  than  the  object,  for  it  is  nearer  the 
point  O,  where  the  secondary  axes  intersect. 


APPLICATION  OF  LENSES. 

347-  Refraction  of  heat. — When  a  pencil  of  the  sun's  rays  is 
received  on  a  condensing  lens,  not  merely  is  light  concentrated  on 
its  focus,  but  heat  also;  for  if  a  piece  of  an  inflammable  substance 
such  as  tinder,  paper,  cloth,  wood,  be  placed  in  the  focus,  thé 
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body  soon  begins  to  burn.  With  lenses  of  large  diameter  metals 
even  may  be  melted.  The  focus  of  a  burning-glass  is  really  only 
the  image  of  the  sun  formed  by  that  glass  or  lens. 

This  property  which  condensing  lenses  have  is  utilised  for  pro- 
ducing fire  in  what  are  called  burni7ig-glasses.  They  may  be  a 
source  of  danger,  by  becoming  a  source  of  fire,  when  a  lens  is  ex- 
posed to  the  solar  rays.  The  same  accident  may  be  produced  by 
spherical  glass  vessels  filled  with  water  ;  for  they  refract  the  light 
and  heat  like  double  convex  lenses.  Thus  a  vase  for  holding  gold- 
fishes has  been  known  to  act  as  a  burning-glass,  setting  fire  to 
window  curtains,  near  which  it  had  been  left  in  the  sunshine.  .\ 
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Fig.  28S. 

drop  o  f  water,  too,  on  a  leaf,  concentrates  the  sun's  rays,  and  ft-e- 
quently  marks  the  leaf. 

The  concentration  of  the  heat  rays  of  the  sun  has  received  a 
curious  application  in  certain  sun-dials,  when  the  hour  of  midday 
is  marked  by  the  discharge  of  a  small  cannon  (fig.  289).  Above  the 
cannon  is  a  condensing  lens,  the  focus  of  which  exactly  corresponds 
to  the  touch-hole  of  the  cannon  the  moment  the  sun  passes  the 
meridian  of  this  place.  Hence,  the  cannon  being  charged  and 
primed  beforehand,  the  lens  ignites  the  powder  just  at  midday,  and 
the  explosion  announces  the  time  at  a  distance. 

Yet  the  time  thus  given  is  what  is  called  in  astronomy  solar 
lime  or  true  time,  in  which  the  length  of  day  varies.    Now  our 
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watches  and  clocks,  being  regulated  for  mean  time,  that  is  to  say, 
for  an  unchangeable  day,  only  agree  with  the  sun  four  times  a 


Fig.  289. 

year:  December  24,  April  r5,  June  15,  and  September  i.  On 
February  11  a  clock  giving  mean  time  is  14' 37"  faster  than  the 
sun,  and  on  November  3  it  is  16'  17''  sIoav.  The  equation  of  time 
represents  the  amount  which  on  all  the  days  of  the  year  must  be- 
added  to  or  taken  from  the  time  of  a  clock  to  obtain  the  true 
time.  Hence,  strictly  speaking,  it  is  incori'ect  to  use  the  ordinary 
expression,  that  a  good  watch  or  a  good  clock  goes  like  the  sun.. 

348.  Beacons,  ligrlittiouses.— These  are  fires  lighted  at  night 
on  high  towers  along  the  shores  of  the  sea,  in  order  to  guide 
mariners  in  darkness  and  enable  them  to  keep  clear  of  danc^er. 

Beacon  fires  were  originally  wood  or  coal  fires  ;  but  the'se  were 
dull  and  unsteady.  They  were  afterwards  replaced  by  oil  lamps 
placed  in  the  principal  focus  of  concave  reflectors,  which  sent  the 
reflected  light  to  a  great  distance,  for  its  rays  were  parallel. 

In  1822  Fresnel  made  a  great  improvement  in  the  illumination 
of  lighlhouses,  as  they  are  now  called.  Abandoning  the  use  of 
metallic  reflectors,  which  soon  tarnished  under  the  influence  of  the 
sea  air,  Fresnel  substituted  large  plano-convex  lenses,  in  the 
focus  of  which  he  placed  a  powerful  lamp  with  four  concentric 
wicks,  and  equal  in  illuminating  power  and  quantity  of  oil  con 
sumed  to  seventeen  Carcel  lamps.    But  the  difficulty  of  constnict- 

A  A 


354 


On  Light. 


[348 


ing  such  lenses,  which  must  necessarily  be  large,  and  at  the  same 
time  not  thick,  so  as  not  to  absorb  much  light,  led  Fresnel  to 
adopt  a  special  system  of  lenses,  known  as  echelon  or  lighthouse 
lenses. 

Seen  in  front  in  fig.  290,  and  in  profile  in  fig.  291,  they  consist 
of  a  plano-convex  lens.  A,  a  foot  in  diameter,  round  which  are 
arranged  eight  or  ten  glass  rings,  which  are  also  plano-convex,  and 
whose  curvature  is  calculated,  so  that  each  has  the  same  focus  as 
the  central  lens,  A.  A  lamp  being  placed  in  the  focus  of  this 
refracting  system,  an  immense  horizontal  pencil,  RC,  is  formed, 
which  sends  the  light  to  a  great  distance.  Above  and  below 
these  lenses,  are  placed  several  silvered  glass  mirrors,  inn  ;  thus 


Fig.  290. 


Fig.  291. 


the  rays,  which  would  be  lost  towards  the  sky  and  the  earth, 
are  utilised  and  sent  in  a  horizontal  direction.  By  this  double 
combination  a  vast  horizontal  pencil  is  obtained,  which  sends  the 
light  of  the  lamp  to  a  distance  of  20  or  30  miles  ;  but  it  only  sends 
it  in  one  direction.  To  increase  the  number  of  points  of  the 
horizon  at  which  the  light  can  be  seen,  Fresnel,  instead  of  a  smgle 
system  of  lenses  and  mirrors  represented  in  fig.  291,  united  eight 
such  arrangements,  so  as  to  form  an  enormous  glass  pyramid  with 
eight  faces,  as  seen  in  fig.  292,  which  represents  a  lighthouse  lens 
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of  the  largest  size  ;  the  system  of  mirrors  and  lenses  alone  is  10 
feet  high. 

A  lighthouse  lens  of  this  kind  sends  a  powerful  beam  of  light 
towards  tight  points  of  the  horizon,  but  all  other  points  are  desti- 
tute of  light,  so  that  vessels  sailing  in  these  dark  parts  would  have 


Fig.  292. 

no  help  from  the  lighthouse.  This  difficulty  was  removed  by  Fresnel 
by  means  of  a  very  simple  mechanism,  represented  at  the  lower 
part  of  hg.  292.    A  clockwork  motion,  M,  moved  by  a  weic^ht  P 
.mparts  to  the  whole  system  of  lenses,  AB,  a  slow  rota,  ing  motion 
on  SKK  rollers.    During  a  complete  revolution  of  the  apparatus  U.e 

A  A  2  ' 
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whole  horizon  is  successively  illuminated,  and  the  mariner;  lost  in 
the  night,  sees  the  light  alternately  appear  and  disappear  after 
equal  intervals  of  time.  These  alternations  serve  to  distinguish 
lighthouses  from  an  accidental  fire  or  a  star.  By  means,  too,  of  the 
number  of  times  the  light  disappears  in  a  given  time,  and  by  the 


Fig.  293. 

colour  of  the  light,  sailors  are  enabled  to  distinguish  the  lighthouses 
from  one  another,  and  hence  to  know  then"  position.         ^  .  . 

Oflat  yearsÀeuseof  the  electric  light  has  been  substituted 
for  that  of  oil  lamps  ;  a  description  of  the  apparatus  will  be  given 
in  a  subsequent  chapter. 
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CHAPTER  V. 

DECOMPOSITION  OF  LIGHT  BY  PRISMS. 

349.  Solar  spectrum. — In  speaking  of  prisms  and  lenses,  we 
have  only  considered  the  change  in  direction  which  these  trans- 
parent media  impart  to  hmiinous  rays,  and  the  images  which  result 
therefrom  ;  but  the  phenomenon  of  refraction  is  by  no  means  so 
simple  as  we  have  hitherto  assumed  :  when  wJiite  light,  or  that 
which  reaches  us  from  the  sun,  passes  from  one  medium  into 
another,  it  is  decomposed  into  several  kinds  of  light,  a  phenomenon 
to  which  the  name  dispersion  is  given. 


Fig.  294. 

In  order  to  show  that  white  light  is  decomposed  by  refraction  a 
pencil  of  solar  light  (fig.  294),  is  allowed  to  pass  through  a  small 
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aperture  in  the  window  shutter  of  a  dark  chamber.    This  pencil 
tends  to  form  a  round  and  colourless  image  of  the  sun  on  a  screen  ; 
but  if  a  flint-glass  prism  arranged  horizontally  be  interposed  in  its 
passage,  the  beam,  on  emerging  from  the  prism,  becomes  refracted 
towards  its  base,  and  produces  on  a  distant  screen  a  vertical  band, 
rounded  at  the  ends,  coloured  in  all  the  tints  of  the  rainbow,  which 
is  called  the  solar  spectnm.    In  this  spectrum,  the  production  of 
which  forms  one  of  the  most  brilliant  optical  experiments,  there  is, 
in  reality,  an  infinity  of  different  tints,  which  imperceptibly  merge 
into  each  other  ;  but  with  Newton,  it  is  customary  to  distinguish 
seven  principal  colours,  as  seen  in  the  coloured  plate.    These  are 
violet,  indigo,  blue,  green,  yellow,  orange,  red  :  they  are  arranged 
in  this  order  in  the  spectrum,  the  violet  being  the  most  refrangible, 
and  the  red  the  least  so.    They  do  not  all  occupy  an  equal  extent 
in  the  spectrum,  violet  having  the  greatest  extent,  and  orange  the 
least. 

From  the  experiment  of  the  solar  spectrum  Newton  concluded 
that  white  light,  that  is,  light  coming  from  the  sun,  is  not  homo- 
geneous, that  is  simple  ;  but  consists  of  seven  different  lights  which, 
united,  give  the  impression  of  white,  while,  when  separated,  each 
produces  its  own  colour.  He  ascribed  the  separation  of  these  seven 
lights  on  their  passage  through  the  prism  to  their  different  degrees 
of  refrangibility.  For  if  they  were  all  equally  refrangible,  as  they 
would  be  equally  bent  on  entering  and  emerging  from  the  pnsm, 
they  would  traverse  it  without  being  separated,  and  the  light  would 
be  white  on  emerging  as  well  as  on  incidence. 

350.  The  colours  of  the  spectrum  are  simple— If  one  of  the 
colours  of  the  spectrum  (the  yellow,  for  instance)  be  isolated  by 
intercepting  the  others  by  means  of  an  opaque  screen,  and  if  the 
liaht  thus  intercepted  be  allowed  to  pass  through  a  second  prism, 
itis  deflected,  but  without  decomposition  ;  that  is,  it  only  gives  rise 
to  a  single  emergent  pencil.  As  the  same  phenomenon  is  observed 
with  the  other  colours  of  the  spectrum,  it  is  concluded  that  they 
are  indecomposable  by  the  prism,  which  is  expressed  by  saying 
that  the  seven  colours  of  the  spectrum  are  simple  ox  primitive  colours. 

As  regards  the  cause,  in  virtue  of  which  one  part  of  the  spectrum 
produces  on  us  the  sensation  of  red,  another  of  yellow,  another  of 
orange,  and  so  forth,  the  undulatory  theory  teaches  us  that  it  depends 
upon  the  number  of  vibrations  performed  by  the  molecules  of  ether. 
This  number,  which  is  very  great,  diff^ers  with  each  colour  and 
increases  from  red  to  violet;  for  the  extreme  red  it  is  45»  nuUions 


-351] 


Various  Effects  of  the  Spectrum. 


359 


of  millions  in  a  second,  and  for  violet  727  millions  of  millions. 
As  the  velocity  of  propagation  is  the  same  for  all  the  colours  of 
the  spectrum,  but  each  corresponds  to  an  unec^ual  number  of  vi- 
brations, it  follows  that  the  length  of  these  vibrations  must  vary 
with  different  colours.  It  has  been  calculated  that,  in  the  case  of 
red,  the  length  of  the  vibration  is  620  millionths  of  a  millimetre, 
and  for  violet  425  millionths. 

351.  Iiuminous,  beating,  and  cbemical  effects  of  tbe  spec- 
trum.— The  various  spectral  rays  differ  not  only  in  their  colour 
but  also  in  their  luminous  power,  in  the  heat  by  which  they  are 
accompanied,  and  by  the  chemical  effects  to  which  they  give  rise. 
It  is  found  that  the  middle  pencils,  the  yellow  and  the  green,  illu- 
minate the  most  powerfully.  Thus  the  print  of  a  book  placed  in 
the  yellow  pencil  is  seen  more  distinctly  than  in  the  red  or  violet. 

The  heating  action  of  the  spectrum  is  demonstrated  by  succes- 
sively placing  a  very  delicate  thermometer  in  the  various  parts  of 
the  spectrum.  It  is  observed  that  the  heat  attains  its  greatest 
intensity  in  the  red,  or  rather  a  little  beyond  it.  The  existence  of 
these  invisible  heat  rays,  which  are  less  refrangible  than  all  other 
spectral  rays  (218),  was  discovered  by  Sir  J.  Herschel,  from  which 
fact  they  are  called  Herschellia7i  rays. 

Passing  from  the  heating  action  of  light  to  its  chemical  action, 
we  may  first  observe  that  it  tends  to  destroy  most  vegetable  colours, 
such  as  wall  papers  and  dyed  stuffs,  which  rapidly  fade  if  exposed 
to  bright  light.  Some  chemical  substances  are  known  which  are 
naturally  white,  and  are  blackened  by  the  luminous  rays,  on  which 
property  depends  the  art  of  photography  :  there  are  gaseous 
mixtures,  also,  which  suddenly  explode  when  exposed  to  the  sun's 
rays.    These  chemical  effects  are  not  produced  equally  in  all  the 


Fig.  295. 

parts  of  the  spectrum  ;  the  greatest  chemical  action  is  met  with  in 
the  violet,  and  even  a  little  beyond. 

Figure  29s  represents  the  distribution  of  the  heating,  the 
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lumincus,  and  the  chemical  action  of  the  spec' rum  ;  the  shaded 
hnes  representing  the  parts  of  the  spectrum  which  are  not  visible 
to  the  eye,  and  which,  it  will  be  seen,  are  about  equal  in  length  to 
the  luminous  parts.  The  curve  I  represents  the  heating  effect  of 
the  spectrum,  from  which  it  will  be  seen  that  it  is  greatest  at  a  Httle 
distance  outside  the  visible  red;  the  curve  II  represents  the 
inter  sity  of  the  light,  which,  it  will  be  seen,  is  greatest  near  Fraun- 
hofer's  line  D  in  the  yellow  ;  the  greatest  chemical,  or,  as  it  is 
sometimes  called,  actinic,  action  is  as  follows  from  the  form  of  the 
curve  111,  just  about  the  indigo  in  the  visible  part  of  the  spectrum. 

352.  Dark  lines  of  tne  spectrum —The  colours  of  the  solar 
spectrum  are  not  perfectly  continuous  :  throughout  the  whole  ex- 
tent of  the  spectrum  are  a  great  number  of  very  narrow  dark  lines. 
They  are  best  observed  by  admitting  a  pencil  of  so^ar  rays  into  a 
darkened  room  through  a  narrow  slit.  If  at  a  distance  of  three  or 
four  yards  we  look  at  this  slit  through  a  flint-glass  prism,  with  its 
edcre'held  parallel  to  the  edge  of  the  slit,  we  observe  a  number  of 
very  delicate  dark  lines  parallel  to  the  edge  of  the  prism,  and  at 

very  unequal  intervals.  ^  ,  ,,t 

The  existence  of  these  dark  lines  was  first  observed  by  ^\  oHas- 
ton'in  1802  ;  but,  Fraunhofer,  a  celebrated  optician  of  Munich,  fir.t 
studied  and  gave  a  detailed  description  of  them.  He  mapped  the 
lines,  and  denoted  the  most  marked  of  them  by  the  letters  A,  a  B, 
C  D,  E,  b,  F,  G,  H  ;  they  are  therefore  generally  known  as  Fraun- 
hofer's  lines. 

The  dark  line  A  (see  fig.  i  of  the  coloured  plate)  is  towards  the 
end  and  B  in  the  middle  of  the  red  ray  ;  C  is  in  the  red  but  rather 
nearer  the  orange  ra/'i  D  is  in  the  orange  ray,  E  in  the  yellow  F 
in  the  transition  from  Veeu  to  blue,  G  m  the  mdigo,  H  in  the 
violet  There  are  certain  other  noticeable  dark  lines,  such  as  a  in 
the  red  and  b  in  the  green.  In  the  case  of  the  sun's  light  the  posi- 
tions of  the  dark  lines  are  fixed  and  definite  ;  in  the  spectra  of  arti- 
ficial lights  and  of  the  fixed  stars  the  relative  positions  of  the  dark 
lines  vary.  For  the  electric  light  there  are  bright  lines  instead  ot 
ones  •  and  in  coloured  flames,  that  is  to  sry,  flames  in  which 
celi  c  emTcal  substances  are  being  evaporated,  the  darkMines 
arl  replaced  by  very  brilliant  lines  of  light,  which  dififer  with  dififerent 

'"""fcT'spectrum  analysis.-This  property  of  coloured  flames  was 
first  d  scovered  by  Sir  John  Herschel,  who  remarked  that  by  vola- 
ti  isinc.  substances  in  a  flame  a  very  delicate  means  is  afforded  of 
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detecting  certain  ingredients  by  the  colours  they  impait  to  certain 
paits  of  the  spectrum  ;  and  Fox  Talbot,  in  1834,  suggested  optical 
analysis  as  probably  the  most  delicate  means  of  detecting  minute 
ponions  of  a  substance.  To  Kirchhoff  and  Bunsen,  however,  is 
really  due  a  method  of  basing  on  the  observation  of  these  lines  a 
method  of  analysis.  They  ascertained  that  salts  of  the  same  metal 
when  introduced  into  a  flame,  always  produce  lines  which  are 
identical  in  colour  and  position,  but  different  in  colour,  position,  or 
number,  for  different  metals  ;  and,  finally,  that  an  exceedingly 
small  quantity  of  a  metal  suffices  to  disclose  its  existence.  Hence 
has  arisen  a  new  method  of  analysis  known  as  spectrnm  analysis. 

354.  Spectroscope. — The  name  spectroscope  has  been  given  to 
the  apparatus  used  by  Kirchhoff  and  Bunsen  for  the  study  of  the 


Fig.  296. 


spectrum.  One  of  the  forms  of  this  apparatus  is  represented  in  fig. 
296.  It  consists  of  three  telescopes  mounted  on  a  common  foot, 
and  whose  axes  converge  towards  a  prism,  P,  of  flint-glass.  The 
telescope  A  is  the  one  through  which  the  spectrum  is  observed  ;  it 
IS  focHssed  by  means  of  the  milled  head-screw  m.    The  telescope 
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B  has  a  slit  the  width  of  which  can  be  regulated  by  the  screw  v. 
k  is  what  is  known  as  Bjmsen's  burner,  in  which  coal  gas  is 
bui^ned,  mixed  with  air  in  such  a  manner  that  a  flame  of  little  or  no 
luminosity,  but  of  great  heat,  is  produced.  The  substance  to  be 
examined  is  placed  in  this,  either  in  the  solid  form,  or  in  a  state  of 
solution,  on  the  platinum  wire  at  the  end  of  the  support  c.  It  is  thus 
volatilised  by  the  intense  heat,  and  the  flame  G  is  coloured.  The 
rays  emitted  from  this  flame  pass  through  the  slit  and  through  a 
system  of  lenses,  so  that  on  emerging  they  form  a  parallel  pencil  of 
rays  which  falls  on  the  prism  P.  Here  they  are  refracted  and  de- 
composed and  form  the  prismatic  spectrum.  The  spectator,  on 
looking  through  the  telescope  A,  sees  a  real  and  inverted  image  of 
the  spectrum. 

The  telescope  C  has  a  different  function  ;  it  contains  a  micro- 
metric  scale  photographed  on  glass,  so  that  it  is  white  on  a  dark 
ground.  The  light  from  the  candle,  passing  through  the  scale  and 
the  lens  in  C,  falls  in  parallel  rays  on  the  face  of  the  prism  P,  and  is 
reflected  from  thence  through  the  object-glass  of  A,  so  that  the  ob- 
server seeing  the  spectrum  and  the  scale  simultaneously,  can  exactly 
measure  the  relative  distances  of  the  various  spectral  Unes.  IM  is 
a  metal  cap  with  three  apertures,  which  covers  the  prism  so  as  to 
exclude  the  diffused  light. 

355.  Experiments  witli  the  spectroscope. — The  coloured 
plate  shows  certain  spectra  observed  by  means  of  the  spectroscope. 
Fig.  I.  represents  the  solar  spectrum. 

Fig.  II.  shows  the  spectrum  of  potassium.  It  is  continuous; 
that  is,  it  contains  all  the  colours  of  the  solar  spectrum  ;  moreover, 
it  is  marked  by  two  bright  hnes,  one  in  the  extreme  red,  corre- 
sponding to  Fraunhofer's  dark  line,  A  ;  the  other  in  the  extreme 
violet. 

Fig.  III.  shows  the  spectrum  of  sodium.  This  spectrum  con- 
tains neither  red,  orange,  green,  blue,  nor  violet.  It  is  marked  by 
a  very  brilliant  yellow  ray  in  exactly  the  same  position  as  Fraun- 
hofer's dark  line  D.  Of  all  metals  sodium  is  that  which  possesses 
the  greatest  spectral  sensibility.  In  fact,  it  has  been  "ascertained 
that  one  two-hundred-millionth  of  a  grain  of  common  salt  is  enough 
to  cause  the  appearance  of  the  yellow  line  of  sodium.  Consequently 
it  is  very  difficult  to  avoid  the  appearance  of  this  line.  A  very  little 
dust  scattered  in  the  apartment  is  enough  to  produce  it,  which 
shows  how  abundantly  sodium  is  diffused  throughout  nature. 

Fio-s.  IV.  and  V.  show  the  spectra  of  cœsium  and  rubidium 
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metals  discovered  by  Bunsen  and  Kirchhoff  by  means  of  spectral 
analysis.  The  former  is  distinguished  by  two  blue  lines,  the  latter 
by  two  very  brilliant  red  lines  and  by  two  less  intense  violet  hnes. 
A  third  metal,  tJiallUtni,  has  been  discovered  by  the  same  method 
by  Mr.  Crooks  in  England,  and  independently  by  M.  Lamy  in 
France.    Thallium  is  characterised  by  a  single  green  line. 

Still  more  recently  Richter  and  Reich  have  discovered  a  new 
metal  associated  with  zinc,  and  which  they  call  indium,  from  a 
couple  of  characteristic  lines  which  it  forms  in  the  indigo. 

The  extreme  delicacy  of  the  spectrum  reactions,  and  the  ease 
with  which  they  are  produced,  constitute  them  a  most  valuable 
help  in  the  qualitative  analysis  of  the  alkalies  and  alkaline  earths. 
It  is  sufficient  to  place  a  small  portion  of  the  substance  under 
examination  on  platinum  wire,  as  represented  in  fig.  296,  and  com- 
pare the  spectrum  thus  obtained  either  directly  with  that  of  another 
substance,  or  with  the  charts  in  which  the  positions  of  the  lines 
produced  by  the  various  metals  are  laid  down. 

With  other  metals  the  production  of  their  spectra  is  more 
difficult,  especially  in  the  case  of  some  of  their  compounds.  The 
heat  of  a  Bunsen's  burner  is  insufficient  to  vaporise  the  metals,  and 
a  more  intense  temperature  must  be  used.  This  is  effected  by 
taking  electric  sparks  between  wires  consisting  of  the  metal  whose 
spectrum  is  required,  and  the  electric  sparks  are  most  conveniently 
obtained  by  means  of  Ruhmkorff's  coil.  Thus  all  the  metals  may 
be  brought  within  the  sphere  of  spectrum  observations. 

356.  Recomposition  of  -white  light.— Not  merely  can  white 
light  be  resolved  into  lights  of  various  colours,  but  by  combining 
the  different  pencils  separated  by  the  prism,  white  light  can  be 
reproduced.    This  may  be  effected  in  various  ways  : 

I.  A  pencil  of  solar  light  is  decomposed  by  a  prism,  as  shown 
m  fig.  297,  and  the  spectrum  is  received,  not  on  a  screen,  but  on  a 
rather  large  double  convex  lens,  in  the  focus  of  which  is  placed  a 
small  cardboard  or  ground  glass  screen.  The  seven  colours  of 
the  spectrum  coincide  in  the  focus,  and  there  is  formed  on  the 
screen  a  perfectly  white  circular  image,  which  shows  that  the  union 
of  the  seven  lights  of  the  spectrum  reproduces  white  light 

II.  The  same  result  is  attained  by  replacing  the  double  convex 
lens  in  the  preceding  experiment  by  a  concave  mirror.  The  seven 
coloured  pencils  being  reflected  from  this  mirror,  there  is  formed 
in  the  focus  the  same  white  image  as  in  that  experiment. 

in.  By  means  of  Newton's  disc  it  may  be  shown  that  the  com- 
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bination  of  the  seven  colours  of  the  spectrum  forms  white.  This  is 
a  cardboard  disc  of  about  a  foot  in  diameter  (fig.  298)  ;  the  centre 
and  the  edges  are  covered  with  black  paper,  while  in  the  space 
between  there  are  pasted  strips  of  papers  of  the  colours  of  the 
spectrum.  They  proceed  from  the  centre  to  the  circumference, 
and  their  relative  dimensions  and  tints  are  such  as  to  represent  five 
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spectra.  When  this  disc  is  rapidly  rotated,  by  means  of  the  turning 
table  represented  in  fig.  299,  it  appears  white,  or  at  all  events  of  a 
gieyish-white,  for  the  colours  which  cover  it  cannot  be  arranged 
exactly  in  the  same  dimensions  as  those  of  the  spectrum,  nor  are 
the  tints  so  pure. 

To  explain  this  phenomenon  let  us  observe  that  the  impression 
produced  upon  the  eye  by  the  sight  of  a  luminous  body  lasts  a 
certain  time  after  the  cause  which  produced  it  has  ceased.'  Thus, 
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if  a  lighted  stick  be  rapidly  turned  round,  a  circle  of  light  is  pro- 
duced, which  shows  that  the  sensation  produced  upon  the  eye  lasts 
after  the  stick  has  passed  from  in  front  of  this  organ.    Thus,  too. 


Fig.  299. 

in  the  above  experiment,  the  disc  is  turned  so  rapidly  that  the 
action  of  the  seven  colours  is  virtually  simultaneous,  and  the  eye  is 
affected  as  if  it  received  them  all  together,  and  the  disc  therefore 
appears  white. 

357.  Zoetrope.  Phenakistoscope.— On  the  fiict  that  the  im- 
pression produced  on  the  retina  lasts  after  the  cause  producing  it 
has  ceased  to  act,  depend  several  interesting  experiments  ;  such  are 
the  zoetrope  or  wheel  of  life  ;  the  thaumatrope  or  magical  disc  ;  the 
phenakistoscope  or  deceiving  disc.  The  latter  consists  of  a 'disc 
near  the  edge  of  which  are  a  series  of  equidistant  apertures  •  and 
on  corresponding  parts  of  a  circle  nearer  the  centre  are  depicted 
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an  object  such  as  a  rider  on  horseback,  a  bird  flying,  etc.,  in  various 
stages  of  its  motion.  If,  now,  the  disc  be  made  to  rotate  rapidly, 
while  the  picture  side  is  h.eld  in  front  of  a  mirror,  the  eye,  on  looking 
through  the  apertures,  no  longer  sees  the  separate  stages  ;  on  the 
contrary,  they  all  insensibly  merge  into  each  other,  and  coalesce 
to  form  a  single  impression,  which  is  that  of  an  actually  moving 
body. 

A  certain  duration  of  a  luminous  impression  is  necessary  to 
produce  an  effect  on  the  retina,  hence  it  is  that  a  very  rapidly 
moving  object,  such  as  a  bullet  fired  from  a  gun,  is  not  seen. 

358.  Newton's  theory  of  the  composition  of  light  and  the 
colour  of  bodies.— Newton  was  the  first  to  decompose  white  light 
by  the  prism,  and  to  recompose  it.  From  the  various  experiments 
which  we  have  described  he  concluded  that  white  light  was  not 
homogeneous,  but  formed  of  seven  lights  unequally  refrangible, 
which  he  called  simple  qx  primitive  lights. 

He  was  further  led  to  the  conclusion,  that  bodies  are  not  of 
themselves  coloured,  that  is,  have  no  colour  of  their  own,  but  that 
they  have  the  property  of  decomposing  the  white  light,  which 
illuminates  them,  and  of  reflecting  unequally  the  various  kinds  of 
light  of  which  it  is  formed,  Thus,  vermilion  is  not  red  of  itself,  but 
is  endowed  with  the  property  of  reflecting  red  light  and  of  absorbing 
all  others,  or,  at  any  raie,  of  only  reflecting  them  in  far  less  propor- 
tion. In  like  manner  the  leaves  of  plants  are  not  truly  green  ;  they 
have  merely  a  greater  reflecting  power  for  green  than  for  any  other 
colour.  In  short,  bodies  are  only  coloured  by  the  light  they  reflect. 
For,  let  these  same  green  leaves  be  placed  in  a  spectrum  projected 
in  a' dark  room,  if  they  are  in  the  green  band  they  will  appear  of  a 
dazzling  green,  far  brighter  than  their  natural  colour  ;  but  if  they 
are  placed  in  the  red  they  will  appear  red,  and  violet  if  placed  in 
violet.  A  similar  effect  is  produced  if  a  rose  be  successively  placed 
in  each  of  the  spectral  bands,  showing  that  the  colours  of  bodies 
are  not  peculiar  to  them,  but  depend  upon  the  kind  of  light  which 
their  molecular  constitution  gives  them  the  power  of  reflecting. 
In  speaking,  too,  of  the  green  or  the  red  pencil,  we  do  not  mean 
that  they  are  coloured  of  themselves,  but  merely  that  they  have  the 
power  of  producing  in  us  the  sensation  of  green,  or  of  red  The 
tye  judges  colours  as  the  ear  judges  sounds  ;  both  the  colours  and 
the  sounds  depend  on  the  number  of  vibrations. 

Bodies  which  reflect  all  colours  in  the  spectrum  equally  well  are 
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white,  those  which  reflect  none  at  all  are  black  ;  so  that  black  is  not 
really  a  colour,  but  the  absence  of  colour. 

The  varied  shades  which  coloured  bodies  present,  result  not 
merely  from  the  fact  that  they  simultaneously  reflect  various  kinds 
of  light,  but  reflect  them  to  different  extents.  Thus,  a  body  which 
reflects  yellow  and  blue  light  will  be  green,  but  a  green  the  shade 
of  which  varies  with  the  quantities  of  yellow  and  of  blue  light  which 
the  body  reflects.  If  by  means  of  an  opaque  screen,  part  or  all  of 
certain  colours  of  the  spectrum  be  intercepted,  and  the  others  be 
united  by  means  of  a  lens,  as  shown  in  fig.  297,  there  is  no  shade 
in  nature  which  cannot  be  reproduced,  but  with  a  lustre  and 
richness  of  colour  which  artificial  pigments  can  never  attain. 

359.  Colours  of  transparent  bodies.— We  have  seen  above 
that  opaque  bodies  owe  their  colour  to  the  power  of  decomposing 
light  by  reflection,  that  is,  of  reflecting  certain  colours  mo-e  abun- 
dantly  than  others.  It  is  owing  to  the  decomposition  of  light  that 
transparent  bodies  seem  to  be  coloured  :  though  here  the  decom- 
position IS  effected  by  transmission  and  not  by  reflection.  If  all 
the  rays  of  the  spectrum  were  equally  transmissible  by  transparent 
media  they  would  necessarily  be  colourless  ;  that,  however  is  never 
quite  the  case,  at  all  events,  when  the  media  have  a  certain  thick- 
ness ;  for  then  they  absorb  certain  colours  of  the  spectrum  more 
than  others,  and  have  the  tint  of  the  more  transmissible  colour 
Water,  for  instance,  seen  by  transmission  through  a  great  thickness" 
has  a  greenish  tint,  which  shows  that  of  all  colours  contained  in 
white  light,  It  allows  green  to  pass  most  easily 

Air,  in  great  thickness,  gives  a  bluish  tint  to  distant  objects 
which  would  rather  tend  to  prove  that  air  is  more  .ransparei  foi' 
blue  than  for  any  other  specirum  colour.    It  is  more  proLble  1  . 
this  effect  IS  due  to  the  presence  of  the  aqueous  vapour  in  the  a!i 

S&O;  complementary  colours.  Accidental  images -If  in 
white  light  any  colour  be  suppressed,  a  mixture  of  the  rema mdèr 
.s  cal  ed  the  compianentary  colour,  for  it  is  the  colour  needed  to 
complete  the  sensation  of  white  light.  A  mixture  of  blue  lid 
yellow  produces  a  green,  and,  accordingly,  green  is  the  coin  . 
rnentary  colour  to  red.  In  like  mannef  ^ 'mt:tu;  f'^^J 
yel  ow  produces  orange,  which  is  complementary  to  blue  Simi 

'T^e:^^^^'--''^^    -  yell Jw,  and  ^:./.t';-;; 

Effects  of  complementary  colours  are  met  with  in  many  curin.,. 
experiments.    Thus,  let  any  coloured  object,  a  wafer  Jor  CaTce! 
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be  placed  on  a  black  ground,  and  let  it  be  viewed  for  some  minutes 
until  the  sight  is  fatigued  ;  if  then  the  eyes  be  turned  to  a  sheet  of 
white  paper,  an  image  will  be  seen  of  the  same  form  as  the  object, 
but  of  the  complementary  colour  ;  that  is,  that  if  the  wafer  is  red 
its  image  will  be  green,  if  it  is  orange  the  image  will  be  blue,  and 
so  forth.  In  like  manner,  if,  afcer  looking  for  some  time  at  the 
setting  sun,  the  eye  be  turned  to  a  white  wall,  an  intense  green 
disc  will  be  seen,  which  lasts  for  some  minutes,  after  which  the  red 
image  reappears  ;  a  second  green  image  succeeds  to  it,  and  so  on 
for  a  great  number  of  times,  until  the  appearance  fades  away. 

These  images,  which  thus  persist  sometimes  after  an  object  has 
been  looked  at"  aad  which  have  the  complementary  colours  of  those 
of  the  object,  were  first  observed  by  Buffon,  who  gave  them  the 
name  of  accidental  images.  .  •    ,  , 

There  is  another  kind  of  accidental  colour  also  noticed  by 
Buffon  ;  when  a  coloured  object  placed  on  a  white  ground  is  atten- 
tively looked  at  for  some  time  the  object  is  seen  to  be  surrounded 
by  a  colour  which  is  complementary  to  that  of  the  object.  This 
phenomenon,  which  is  known  as  the  accidental  halo,  is  easily  verified 
by  means  of  a  coloured  wafer  placed  on  a  sheet  of  white  paper. 

When  several  pieces  of  cloth  of  the  same  colour  are  successively 
looked  at  it  will  be  seen  that  the  latter  ones  appear  of  a  bad  shade. 
This  arises  from  the  fact,  that  the  accidental  colour  of  the  cloth 
be-ins  to  form,  and  its  own  tint  loses  its  brightness.  So,  too,  when 
designs  are  printed,  or  cloth  embroidered  on  a  coloured  ground, 
effects  may  be  obtained  quite  different  from  those  which  were  de- 
sired Generally  if  two  adjacent  colours  are  complementary,  each 
will  acquire  a  greater  lustre  and  produce  a  pleasing  impression  ; 
but  if  they  are  of  the  same  tint,  they  will  mutually  enfe>rble  each 
othe--  It  will  thus  be  seen  how  numerous  are  the  applications 
which  the  phenomenon  of  accidental  images  presents  in  combining 
colours  in  pictures,  wall  papers,  tapestry,  furniture,  and  even  the 
toilet,  although  in  this  respect,  good  taste  has  long  been  in  advance 

of  the  data  of  science.  .         r    i  ■  u 

•,61  irradiation.— This  is  a  phenomenon  in  virtue  of  which 
white  objects,  or  those  of  a  very  bright  colour,  when  seen  on  a  dark 
ground  appear  larger  than  they  really  are.  Thus  a  white  square 
uoon  a  black  ground  seems  larger  than  an  exactly  equal  black  squaie 
upon  a  white  ground  (fig.  300).  With  a  black  body  on  a  brijht 
ground,  the  converse  is  the  case.  Again,  a  platn.um  wire  made 
fed-hot  by  the  passage  of  an  electrical  current  seems  far  thicker 
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than  it  is  in  reality.  Irradration  is  held  to  arise  from  the  fact,  that 
the  impression  produced  on  the  retina  extends  beyond  the  outline 
of  the  image.  It  bears  the  same  relation  to  the 
space  occupied  by  the  image  that  the  duration  of 
the  impression  does  to  the  time  during  which 
the  image  is  seen. 

The  effect  of  irradiation  is  very  perceptible 
in  the  apparent  magnitude  of  stars,  which  may 
thus  appear  much  lairger  than  they  really  are  ; 
also  in  the  appearance  of  the  moon  when  two  or 
three  days  old,  the  brightly  illuminated  crescent 
seeming  to  extend  beyond  the  darker  portion  of 
the  disc,  and  hold  it  in  its  grasp. 

Plateau,  who  has  investigated  this  subject, 
finds  that  irradiation  differs  veiymuch  in  different  people,  and  even 
in  the  same  person  it  differs  on  different  days.  He  has  also  found 
that  irradiation  increases  with  the  lustre  of  the  object,  and  the  length 
of  time  during  which  it  is  viewed.  It  manifests  itself  at  all  dis- 
tances, diverging  lenses  increase  it,  condensing  lenses  diminish  it. 

362.  Rainbow — The  rainbow  is  a  luminous  meteor  which  ap- 
pears in  the  clouds  opposite  the  sun  when  they  are  resolved  into 
rain.  It  contains  seven  concentric  arcs,  presenting  successively 
the  colours  of  the  solar  spectrum.  Sometimes  only  a  single  bow 
is  perceived,  but  there  are  usually  two  ;  a  lower  one,  the  colours  of 
which  are  very  bright,  and  an  external  or  seco7tdary  one,  which  is 
paler,  and  in  which  the  order  of  the  colours  is  reversed.  In  the 
interior  rainbow  the  red  is  the  highest  colour  ;  in  the  other  rainbow 
the  violet  is.  It  is  seldom  that  three  bows  are  seen  ;  theoretically 
a  greater  number  may  exist,  but  their  colours  are  so  feeble  that  they 
are  not  perceptible. 

The  phenomenon  of  the  rainbow  is- produced  by  the  decompo- 
sition of  the  white  light  of  the  sun  when  it  passes  into  the  drops, 
and  by  its  reflection  from  their  inside  face.    In  fact,,  the  same  phe-' 
nomenon  is  witnessed  in  dewdrops  and  in  jets  of  water  ;  in  short 
wherever  solar  hght  passes  into  drops  of  water  under  a  certain  angle! 

The  appearance  and  the  extent  of  the  rainbow  depend  on  die 
position  of  the  obsei-ver,  and  on  the  height  of  the  sun  above  the 
horizon  ;  hence  only  some  of  the  rays  refracted  by  the  rain-drops 
and  reflected  in  their  concavity  to  the  eye  of  the  spectator,  are 
adapted  to  produce  the  phenomenon.  Those  which  do  so  are  called 
effective  rays. 

13  B 
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To  get  a  general  idea  of  this  let  us  refer  to  fig.  301,  in  which  two 
raindrops,  a  and  c,  are  represented  extremely  magnified  as  com- 
pared with  the  arc  of  which  they  form  part.  The  pencil  of  white 
light  which  falls  upon  a  is  refracted  on  entrance  into  the  droplet 
and  decomposed,  giving  rise  to  seven  rays,  red,  orange,  yellow, 
green,  blue,  indigo,  and  violet  (349).  At  the  point  a,  on  the  posterior 
face  of  this  droplet,  a  portion  of  the  refracted  light  escapes,  and 
is  dispersed  in  the  atmosphere  without  giving  rise  to  any  particular 
phenomenon  ;  the  light  which  has  not  emerged  from  the  droplet 
is  collected  at  a,  returns  and  emerges  in  being  a  second  time  re- 
fracted, and  reaches  the  observer's  eye  as  represented  in  the  figure. 


Fig.  301. 


A  second  droplet,  c,  placed  below  the  preceding  one,  produces 
just  the  same  effect  ;  yet  it  does  not  send  the  same  colour  to  the 
spectator.  For,  as  the  different  colours  are  unequally  refrangible,  the 
coloured  rays  which  emerge  from  the  same  raindrop  diverge,  and 
therefore,  are  not  propagated  together  ;  whence  it  follows  that  each 
drop  only  sends  one  kind  of  colour  towards  the  observer.  But  from 
the  different  degree  of  refrangibility  of  each  ray,  the  droplets  on  the 
outside  of  the  arc  send  only  red  rays  towards  the  eye,  and  those  on 
the  inside  violet  rays.  The  other  colours  arise  from  intermediate 
droplets. 

In  short,  the  rainbow  is  the  circumference  of  the  base  of  a  cone. 
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the  apex  of  which  is  the  observer's  eye,  and  the  surface  of  this  cone 
is  formed  from  the  outside  to  the  inside  of  seven  successive  enve- 
lopes, red,  orange,  yellow,  etc.,  corresponding  to  each  of  the  bands 
of  the  spectrum.  The  nearer  the  sun  is  to  the  horizon  the  larger  is 
the  visible  part  of  the  rainbow  ;  but,  as  the  sun  rises,  the  arc  dimi- 
nishes, and  entirely  disappears  when  the  sun  is  42  degrees  above 
the  horizon.  Hence  the  rainbow  is  never  seen  except  in  the  morn- 
ing and  evening,  or,  in  rare  cases,  near  midnight  when  a  full  moon 
is  low  in  the  south. 


CHAPTER  VI. 
INJURIOUS  EFFECTS  OF  COLOUR  IN  LENSES.  ACHROMATISM. 

363.  Chromatic  Aberration. — In  speaking  of  single  lenses  we 
have  been  silent  about  a  serious  defect  which  they  possess,  which 
is,  that  objects  seen  through  these  lenses  at  a  certain  distance  seem 
surrounded  by  an  iridescent  fringe,  which  fatigues  the  sight  and 
greatly  injures  the  precision  of  the  images. 

For,  as  lenses  may  be  compared  to  a  series  of  prisms  with  infi- 
nitely small  faces,  and  united  at  their  bases,  they  not  only  refract 
light,  but  also  decompose  it  hke  a  prism.  On  account  of  this  dis- 
persion, therefore,  lenses  have  really  a  distinct  focus  for  each  separate 
colour.  In  condensing  lenses,  for  example,  the  red  rays,  which  are 
the  least  refrangible,  form  their  focus  at  a  point  R  on  the  axis  of  the 
lens  (fig.  302),  while  the  violet  rays,  which  are  most  refrangible. 


Fig.  302. 


coincide  in  the  nearer  point,  V.  The  foci  of  the  orange,  yellow, 
green,  blue,  and  indigo  are  between  these  points.  Hence  a  double 
convex  lens  tends  to  give  seven  images,  differently  coloured,  of 
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objects  seen  through  it.  These  images  being  partly  superposed, 
the  seven  colours  combine  in  the  centre  to  form  white  light,  but,  on 
the  contours,  the  extreme  colours  of  the  spectrum  are  visible,  that 
is,  more  especially  red  and  blue. 

Hence  if  a  white  screen  be  placed  at  mn,  hearer  the  lens  than 
its  focal  distance  we  shall  have  a  bright  circle  surrounded  by  a  red 
edge  ;  while  if  the  screen  is  placed  at  rs,  which  is  farther  than  the 
focus  the  circle  will  have  a  blue  edge. 

This  injurious  coloration  of  the  images  is  called  the  chromatic 
aberration. 

364.  Achromatic  lenses. — By  observing  the  phenomenon  of  Ae 
dispersion  of  colours  in  prisms  of  water,  of  oil  of  turpentine,  and  of 
crown-glass,  Newton  was  led  to  suppose  that  dispersion  was  pro- 
portional to  refraction.    He  concluded  that  there  could  be  no 

refraction  without  dispersion,  and  there- 
fore, that  achromatism  was  impossible. 
Almost  half  a  century  elapsed  before  this 
was  found  to  be  incorrect.  Hall,  an 
Fig.  303-  English  philosopher,  in  1733,  was  the  first 

to  construct  achromatic  lenses,  but  he  did  not  publish  his  discovery. 
It  is  to  Dollond,  an  optician  in  London,  that  we  owe  the  greatest 
improvement  which  has  been  made  in  optical  instruments.  In  1757- 
he  combined  two  lenses,  one  a  double  convex  crown  glass  lens, 
the  other  a  double  concave  lens  of  flint  glass  (fig.  303),  a  kind  of 
glass  which  contains  a  good  deal  of  lead,  and  which  has  greater 
dispersive  power  than  flint  glass. 

By  suitably  choosing  the  curvatures  of  these  two  lenses,  they, 
may  become  unequally  dispersive,  and  as  the  dispersion  is  in  opposite 
directions,  one  of  the  lenses  being  convergent,  and  the  other  diver- 
gent, two  effects  are  produced,  which  compensate  each  other  as  re- 
gards colouration,  but  not  as  concerns  refraction  ;  that  is,  a  ray  of 
white  light  which  has  traversed  such  a  lens  emerges  colourless,  but 
converging,  and  forming  a  single  focus  on  the  axis. 

The  lenses  thus  formed  of  flint  and  crown  glass  give  images 
which  are  not  coloured  on  the  edges  ;  they  have  hence  been  called 
achromatic  lenses  ;  achrotnatism  being  the  term  applied  to  the  phe- 
nomenon of  the  refraction  of  light  without  decomposition. 

365.  SpUerical  aberration. — Chromatic  aberration  is  not  the 
only  defect  which  lenses  present  :  they  have  another,  which  is 
known  as  spherical  aberration,  and  which  arises  from  the  fact,  that, 
apart  from  dispersion,  the  rays  which  traverse  a  condensing  lens 
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do  not  exactly  coincide  in  a  single  focus.  Those  wiiich  traverse 
the  lens  near  the  edges  VV  (fig.  304)  are  more  refracted  than 
those  which  traverse  the  central  part  ;  hence  the  former  rays 
converge  at  F,  nearer  to  the  lens  than  the  latter,  which  meet  at  G 
in  consequence  of  which  the  images  are  distorted. 


Fig.  304. 

By  suitably  choosing  the  curvatures  of  the  faces,  especially 
when  a  system  of  lenses  is  used,  this  defect  can  be  greatly  diminished. 
It  is  also  obviated  in  optical  instruments  by  intercepting  the  rays 
which  traverse  the  lens  near  the  edge  \>y  diaphragms  ov  stops,  which 
are  opaque  screens  perforated  by  circular  holes,  and  which  only  allow 
the  central  rays  to  pass. 

A  combination  of  lenses  by  which  spherical  aberration  is  got 
rid  of,  is  called  an  aplaiiatic  system  of  lenses. 


CHAPTER  VII. 

OPTICAL  INSTRUMENTS.  , 

366.  Different  kinds  of  optical  instruments. — By  the  term 
optical  instrument  is  meant  any  combination  of  lenses,  or  of  lenses 
and  mirrors.  By  their  means  the  limits  of  vision  have  been 
enormously  increased,  and  the  most  favourable  influence  has  been 
exerted  on  the  progress  of  science,  by  opening  out  new  worlds  to 
investigation  which  would  otherwise  have  remained  unknown.  Opti- 
cal instruments  may  be  divided  into  three  classes,  according  to  the 
ends  they  are  intended  to  answer,  viz.  :— i.  Microscopes,  which  are 
designed  to  obtain  a  magnified  image  of  any  object  whose  real  di- 
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mensions  are  too  small  to  admit  of  its  being  seen  distinctly  by  the 
naked  eye.  ii.  Telescopes,  by  which  very  distant  objects,  whether 
celestial  or  terrestrial,  may  be  observed,  iii.  Instruments  designed 
to  project  on  a  screen  a  magnified  or  diminished  image  of  any 
object,  which  can  thereby  be  either  depicted  or  be  rendered  visible 
to  a  crowd  of  spectators  ;  such  as  the  camera  lucida,  the  camera  ob- 
sciira,  photographic  apparatus,  the  magic  lantern,  the  solar  micro- 
scope, the  photo-electric  microscope,  etc.  The  t'A'O  former  classes 
yield  virtual  images  ;  the  last,  with  the  exception  of  the  camera 
lucida,  yield  real  images. 

General  composition  of  optical  instruments.  Of  the  various  in- 
struments enumerated  above,  those  of  the  first  two  groups  consist 
essentially  of  two  lenses  :  one  called  the  object-glass,  or  objective, 
receives  the  light  from  the  objects,  and  concentrates  it  in  a  focus, 
where  it  gives  a  small  image  ;  the  other,  called  the  eyepiece,  or 
ocular,  acts  as  a  magnifying  glass,  is  near  the  eye,  and  serves  to 
view  the  image  formed  by  the  object-glass.  In  what  are  called  re- 
flecting telescopes,  se  concave  mirror  is  used  instead  of  an  object- 
glass.  Generally  speaking,  the  object-glass  and  the  eyepiece  are  not 
formed  of  a  single  glass,  but  of  several,  in  order  to  obtain  a  greater 
magnifying  power,  and  to  correct  chromatic  and  spherical  aberration 
(365).  These  glasses  are,  moreover,  mounted  in  long  metal  tubes, 
blackened  on  the  inside  so  as  to  absorb  the  oblique  rays,  which 
would  otherwise  injure  the  sharpness  of  the  image  ;  these  tubes 
can  further  be  slid  in  or  out  so  that  the  glasses  may  be  brought  to 
the  proper  distance. 

367.  Galileo's  telescope. — Like  many  gi'eat  discoveries,  that 
of  the  telescope  seems  to  have  been  due  to  chance.  For  it  is  stated 
to  have  been  made  accidentally  by  the  children  of  a  Dutch  spectacle- 
maker  at  Middlebourg.  Looking  at  a  vane  on  the  top  of  a  church 
spire  through  a  convex' and  concave  glass,  the  latter  being  nearer  the 
eyè,  they  were  surprised  to  see  the  object  magnified,  and  apparently 
almost  within  reach.  The  father  repeated  the  experiment  and  ar- 
ranged the  two  glasses  in  tubes,  one  of  which  slid  in  the  other, 
and  thus  constructed  the  telescope. 

This  telescope  bears  Galileo's  name,  for  this  illustrious  astro- 
nomer was  the  first  to  direct  it  towards  the  heavens,  and  to  make 
astronomical  observations.  It  is  stated  that  he  was  at  Venice  when 
he  learnt  that  Zacharia  Jans  had  ofifered  to  Prince  Maurice  of 
Nassau  an  instrument  which  brought  objects  nearer  ;  he  quickly 
started  for  Padua,  where,  after  meditating  on  the  matter,  he  made 


-368] 


Galileo  s  Telescope. 


375 


some  experiments,  and  in  twenty-four  hours  rediscovered  the  tele- 
scope. 

The  telescopes  constructed  by  Galileo  were  gradually  improved 
from  a  magnifying  power  of  four  up  to  one  of  thirty  times.  By  its 
means  Galileo  discovered  the  mountains  of  the  moon,  Jupiter's 
satellites,  and  the  spots  on  the  sun.  From  these  numerous  dis- 
coveries he  acquired  the  name  Lynceus,  from  one  of  the  Argonauts, 
whose  sight  is  said  to  have  been  so  penetrating  that  he  could  see  to 
the  bottom  of  the  sea. 

Fig.  305  represents  the  arrangement  of  the  lenses  and  the  path 
of  the  rays  in  Galileo's  telescope.  The  object-glass,  O,  is  a  double 
convex,  while  the  eyepiece,  o,  is  a  double  concave  lens.  If  AB  is 
the  object  observed,  the  rays,  from  any  one  of  its  points.  A,  for  in- 
stance, tend  to  form  an  image  of  this  point  beyond  the  object-glass  ; 
but  meeting  the  double  concave  lens,  0,  these  rays  appear  divergent, 
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and  seem  to  the  eye  which  receives  them  as  if  they  proceeded  from 
the  point  a  ;  and  it  is  there  the  image  of  A  appears.  In  like  manner 
the  image  of  B  is  formed  at  b,  so  that  a  virtual  image,  ab,  is  formed, 
which  is  erect,  and  very  near. 

Galileo's  telescope  is  very  short  and  portable.  It  has  the  advan- 
tage of  showing  objects  in  their  right  position,  and  further,  as  it 
has  only  two  lenses,  it  absorbs  very  little  light  ;  in  consequence, 
however,  of  the  divergence  of  the  emergent  rays  it  has  only  a  small 
field  of  view,  and  in  using  it  the  eye  must  be  placed  very  near 
the  eyepiece.  The  eyepiece  can  be  moved  to  or  from  the  object- 
glass  so  that  the  image  is  always  formed  at  the  distance  of  distinct 
vision. 

Opera-glasses  are  constructed  on  this  principle.  They  are 
usually  double,  so  as  to  produce  an  image  in  each  eye,  by  which 
greater  brightness  is  attained. 

368.  Astronomical  telescopes. — In  observing  the  stars  a  tele- 
scope with  two  condensing  lenses  is  used,  in  order  to  obtain  a  greater 
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field  of  view.  Its  invention  is  due  to  Kepler,  and  it  is  known  as 
the  astronomical  telescope.  It  gives  reversed  images  of  objects,  but 
this  is  not  prejudicial  in  observing  the  stars. 

Fig.  306  represents  an  astronomical  telescope  with  a  cast-iron 
support,  and  mounted  with  a  hinge  motion  on  a  column  of  the 


Fig 


same  metal  ;  so  that,  not  only  can  any  degree  of  inclination  be 
imparted  to  it,  but  it  can  be  directed  to  any  part  of  the  horizon. 
By  means  of  a  handle  and  two  toothed  wheels  the  telescope  can 
be  raised  or  lowered  at  pleasure.    On  the  side  of  the  telescope  is 
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a  smaller  one  called  the  finder  ;  for,  as  it  magnifies  less  than  the 
large  one,  it  embraces  a  greater  extent  of  sky,  and  therefore  is  more 
suited  for  finding  any  given  star,  which  is  then  observed  more 
minutely  with  the  large  glass. 

Fig.  307  represents  the  arrangement  of  the  lenses,  and  the  path 
of  the  rays  in  an -astronomical  telescope.  It  consists  of  two  double 
convex  lenses  ;  the  object-glass,  which  is  of  large  diameter,  and  but 
slightly  convergent,  gives  at  ab  a  reversed  and  very  small  image  of 
the  star  towards  which  the  telescope  is  directed.  This  image  is 
looked  at  through  the  eyepiece,  O,  which  acts  here  as  a  magnifying 
glass,  and  which,  for  that  purpose,  is  placed  so  that  the  image,  ab, 
is  formed  between  this  glass  and  the  principal  focus,  F.  Thus  the 
observer  sees  a  reversed  and  greatly  enlarged  image  of  the  star  at 
cd. 


Fig.  307. 


As  in  all  telescopes,  the  eyeUibe,  that  is,  the  tube  in  which  is  the 
eyepiece,  slides  in  the  other,  so  that  it  can  be  brought  nearer  or 
further  from  the  image,  ab,  which  can  thus  be  seen  at  the  distance 
of  distinct  vision.  In  powerful  telescopes  the  eyepiece  is  not  simple, 
as  in  the  above  case,  but  consists  of  a  number  of  glasses,  the  object 
of  which  is  not  only  to  increase  the  magnifying  power,  but  also  to 
correct  spherical  and  chromatic  aberration. 

The  magnifying  power  of  a  telescope  is  greater  the  greater  the 
diameter  of  the  object-glass,  and  the  less  its  convexity  ;  and  the 
more  convex,  on  the  contrary,  is  the  eyepiece.  The  greatest  ob- 
stacle met  with  in  the  constiniction  of  these  telescopes  is  the  diffi- 
culty of  manufacturing  large  object-glasses. 

When  the  telescope  is  used  to  make  an  accurate  observation  of 
the  stars— for  example,  their  zenith  distance,  or  their  passage  over 
the  meridian— a  crass  wire  is  added.  This  consists  of  two  very  fine 
metallic  wires  or  spider  threads  stretched  across  a  circular  aper- 
ture in  a  small  metal  plate.  The  wires  ought  to  be  placed  in  the 
position  where  the  inverted  image  is  produced  by  the  object-glass, 
and  the  point  where  the  wires  cross  ought  to  be  on  the  optical 
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axis  of  the  telescope,  which  thus  becomes  the  line  of  sight,  or 
colliiiiation. 

369.  Terrestrial  telescopes. — The  terrestrial  telescope  differs 
from  the  astronomical  telescope  in  producing  images  in  their  right 
positions.    This  is  effected  by  means  of  two  condensing  lenses 
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which  ai-e  interposed  between  the  oijject-glass  and  the  eyepiece,  as 
seen  in  fig.  308.  The  object  glass  forming  then,  at  I,  a  reversed 
image  of  the  object,  AB,  the  two  glasses  7n  and  n  impart  such  a 
direction  to  the  rays  traversing  them,  that,  alter  having  crossed 
between  the  two  glasses,  the  rays  reproduce  an  erect  image  at  /. 
The  eyepiece  acts  then  just  as  in  the  astronomical  telescope,  giving 
a  very  near,  erect,  and  magnified  image  ab. 

The  terrestrial  telescope  is  sometimes  mounted  on  a  stand,  and 
sometimes  held  in  the  hand  ;  its  uses  are  too  well  known  to  need 
any  description. 

370.  Beflectingr  telescopes. — The  telescopes  previously  de- 
scribed are  refracting  or  dioptric  telescopes.  It  is,  however,  only 
in  recent  times  that  it  has  been  possible  to  construct  achromatic 
lenses  of  large  size  ;  before  this,  a  concave  metallic  mirror  was 
used  instead  of  the  object  glass.    Telescopes  of  this  kind  are  called 
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Fig.  309. 

reflecting  or  catoptric  telescopes.  The  principal  forms  are  those 
devised  by  Gregory,  Newton,  Herschel,  and  Cassegrain. 

Of  these  we  shall  describe  the  Newtonian  telescope,  which,  after 
long  disuse,  has  been  restored  to  favour,  in  great  measure  owing  to 
the  improvements  made  in  the  construction  of  the  concave  mirror 
used  in  it. 
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Fig.  309  represents  the  section  of  a  Newtonian  telescope  as 
modified  by  M.  Foucault,  and  fig.  310  a  perspective  view.  The 
principal  piece  of  the  telescope  is  a  concave  mirror  M,  placed  at  the 
end  of  a  long  wooden  tube.    These  mirrors  were  formerly  of  metal, 


Fig.  310. 

and  the  difficulty  of  working  such  mirrors,  so  as  to  give  them  a 
perfect  curvature,  was  so  great,  that  the  use  of  reflecting  telescopes 
was  virtually  abandoned. 

Foucault  having  discovered  a  method  of  silvering  glass  without 
mjuring  its  polish,  and  as  glass  is  more  easily  worked  than  metal 
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mirrors,  reflectors  for  telescopes  are  now  made  of  polished  glass, 
silvered  on  the  concave  surface  itself  ;  the  rays  of  light  which  come 
from  the  star  observed  are  there  reflected,  and  tend  to  form  at  the 
other  end  of  the  tube  a  real  and  very  small  image  of  the  star  ;  but 
these  rays  fall  upon  a  small  rectangular  prism  nm,  into  which  they 
pass  without  being  refracted,  and  form  with  the  large  face,  iiiiti 
such  an  angle  of  incidence  that  they  are  reflected  out  instead  ot 
being  refracted  (333).  The  image  is  then  formed  at  ab,  in  front 
of  a  horizontal  tube,  in  which  are  a  series  of  magnifying  glasses, 
which  act  as  ocular,  and  give  of  the  image  ab  a  very  amplified 
virtual  image  AB. 

Fig.  310  shows  how  the  instrument  is  worked.  The  right  hand 
of  the  observer  holds  a  handle  which  transmits  the  motion  to  an 
endless  chain,  and  this  to  two  other  chains,  which  pass  round 
pulleys,  and  enable  the  tube  to  be  more  or  less  inclined  ;  with  the 
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left  hand  the  same  observer  turns  a  small  wheel,  fixed  to  a  screw, 
which  enables  him  to  move  slowly  the  front  part  of  the  apparatus  in 
a  lateral  direction,  so  that  he  can  follow  the  star  in  its  motion.  A 
little  lower  than  the  eyepiece  and  above  the  small  wheel  is  a  milled 
head,  which  works  a  small  rack  and  pinion  motion  :  this  is  fixed  to  a 
movable  piece,  which,  at  the  same  time,  supports  the  prism,  inn, 
and  the  eyepiece  (fig.  309).  By  turning  this  milled  head  in  either 
direction,  the  prism  and  the  eyepiece  may  be  adjusted  until  the 
image  AB  is  formed  at  the  distance  of  distinct  vision  of  the  observer. 

On  the  side  ot  the  tube  is  a  smaller  telescope,  quite  similar  to 
the  large  one,  but  of  far  less  magnifying  power.  This  is  the  finder. 
From  its  small  magnifying  power,  not  more  than  ten,  iv  embraces  a 
far  greater  extent  of  the  sky,  and  is  therefore  more  favourable  for 
finding  the  desired  star. 

371.  Herschel's  telescope.— Sir  W.  Herschel's  telescope,  which 
until  lately  was  the  largest  instrument  of  modern  times,  was  con- 
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structed  on  a  method  dififering  from  those  described.  The  mirror 
was  so  incHned  that  the  image  of  the  star  was  formed  on  the 
side  of  the  telescope  near  the  eyepiece  (fig.  311);  hence  it  is  termed 
the  front  view  telescope.  As  the  rays  in  this  telescope  only  under- 
go a  single  reflection,  the  loss  of  light  is  less  than  in  either  of  the 
preceding  cases,  and  the  image  is  therefore  brighter.  The  magni- 
fying power  is  the  quotient  of  the  principal  focal  distance  of  the 
mirror  by  the  focal  distance  of  the  eyepiece. 

Herschel's  great  telescope  was  constructed  in  1789;  it  was  40 
feet  in  length,  the  great  mirror  was  50  inches  in  diameter.  The 
quantity  of  light  obtained  by  this  -instrument  was  so  great  as  to 
enable  its  inventor  to  use  magnifying  powers  far  higher  than  any- 
thing which  had  hitherto  been  attempted. 

Herschel's  telescope  has  been  exceeded  by  one  constructed  by 
the  late  Earl  of  Rosse.  This  magnificent  instrument  has  a  focal 
length  of  53  feet  ;  the  diameter  of  the  mirror  is  6  feet,  and  it  weighs 
8,400  pounds.  It  is  at  present  used  as  a  Newtonian  telescope,  but 
it  can  also  be  arranged  as  a  front  view  telescope. 


372.  Simple  microscope. — Microscopes  are  instruments  which, 
giving  very  magnified  images,  enable  us  to  observe  objects  which 


ire  too  small  to  be  seen  with  the  naked  eye.  Two  kinds  are  dis- 
inguished,  the  simple  and  the  compound  microscope. 
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The  first  of  these  is  nothing  more  than  a  small  highly  convergent 
lens,  which  is  used  as  a  magnifying  glass,  as  seen  in  fig.  312.  The 
object  observed  is  then  placed  between  the  lens  and  its  principal 
focus,  and  the  magnifying  power  is  greater  the  more  condensing  is 


Fig-  313- 

the  lens.  When  it  is  rather  large  it  is  mounted  in  horn  or  in  ivory, 
and  is  then  known  as  a  lens.  It  is  frequently  used  to  assist  the 
sight  of  the  aged,  or  to  facilitate  certain  kinds  of  work,  which,  as  m 
watchmaking  and  engraving,  require  great  accuracy.    But  no  great 
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magnification  is  thus  attainable,  and  in  order  to  observe  very  small 
objects,  the  compound  microscope  is  used,  which  is  so  called  since 
it  is  made  up  of  several  lenses. 

373.  Compound  microscope. — Fig.  313  represents  the  mode  of 
using  a  compound  microscope,  and  fig.  314  the  path  of  the  luminous 
rays  in  the  interior  of  the  apparatus. 
The  object  observed,  which  is  always 
^'ery  small,  is  placed  at  a,  between  two 
glass  plates,  on  a  support  called  the 
stage.  OAc  is  a  brass  tube  in  which 
are  two  condensing  lenses,  the  object- 
glass  0,  at  the  bottom,  and  the  eyepiece 
O,  at  the  top.  The  object,  a,  being 
placed  very  little  beyond  the  principal 
focus  of  the  eyepiece,  we  know  that  a 
real,  erect,  and  greatly  magnified  imaj,e 
will  be  formed  at  be  (34.6).  But  as 
the  eyepiece,  O,  is  at  such  a  distance 
that  the  image,  be,  is  between  this  glass 
and  its  principal  focus  F,  it  follows 
that  for  an  eye  looking  through  it  the 
eyepiece  acts  as  a  lens  (347),  and  gives 
at  BC  a  virtual  and  amplified  image  of 
the  first  image  be.  It  may  thus  be  said, 
that  the  compound  microscope  is  no- 
thing more  than  a  simple  microscope 
applied  not  to  the  object,  but  to  its 
image  already  magnified  by  the  first 
lens. 

The  magnification  depends  more 
especially  on  the  object-glass.  In 
order  to  increase  its  power  it  con- 
sists of  two  or  three  small  lenses, 
superposed,  as  seen  in  H,  on  the  right  of  the  drawing  (fig.  3,4) 
To  the  eyepiece  a  second  glass  is  used,  the  object  of  which  is  less 
to  obtam  mcreased  magnification  than  to  lender  the  images  more 
defined  by  dnnmishing,  as  in  telescopes,  chromatic  and  spherical 
aberration.  All  the  glasses,  are,  moreover,  achromatic  The 
magnifying  power  in  compound  microscopes  has  been  carried  to 
1,800  times,  and  even  more,  but  then  what  is  gained  in  magni- 
fication IS  lost  in  definiteness.    A  good  magnification  does  not 
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exceed  600  in  length  and  breadth,  which  amounts  to  a  superficial 
enlargement  of  360,000  times. 

From  the  great  magnification  of  the  image  the  object  must  be 
powerfully  illuminated.  For  this  purpose,  when  it  is  sufficiently 
■transparent,  it  is  illuminated  from  below  by  a  concave  mirror,  M, 
which  concentrates  upon  it  a  large  quantity  of  light,  as  shown  in 
fig.  314.  If  the  object  is  opaque  it  is  illuminated  above  by  a  con- 
densing lens,  L  (fig.  313),  the  focus  of  which  is  formed  upon  the 
object  itself. 

374.  Origin  and  use  of  the  microscope. — Tne  invention  of  the 
microscope  does  not  extend  further  back  than  the  commencement 
of  the  seventeenth  century,  which  is  surprising,  for  it  had  long  been 
known  that  a  drop  of  water  placed  in  a  small  hole  in  a  thin  opaque 
plate  magnified  objects  seen  through  it.  From  the  commencement 
of  the  first  century  A.D.,  the  philosopher  Seneca  announced  that 
writing  appeared  larger  under  a  glass  globe  containing  water. 
Finally,  in  the  thirteenth  century,  spectacles  were  used,  that  is, 
magnifying  glasses,  to  assist  the  sight  of  the  aged.  The  inventor 
of  the  microscope  is  not  known  ;  it  has,  probably,  only  acquired  its 
present  form  after  numerous  successive  improvements. 

The  microscope  has  been  the  origin  of  discoveries  in  the  vege- 
table and  animal  kingdom,  as  curious  as  they  are  varied.  Botanists 
owe  to  it  their  most  beautiful  discoveries  concerning  the  structure 
of  the  cellular  tissue  in  plants,  the  circulation  of  the  sap,  the  function 
of  leaves  in  the  respiration  of  vegetables.  In  entomology  it  has 
enabled  us  to  discover  a  crowd  of  small  animals  which  would  other- 
wise have  remained  unknown  from  their  extreme  minuteness.  Thus 
there  have  been  observed,  in  vinegar  and  in  sour  paste,  thousands 
of  small  organisms  called  vibriones  ;  in  stagnant  water  myriads  of 
animalcules,  as  remarkable  for  their  fantastical  forms  as  for  their 
beautiful  colours,  their  instincts,  their  warlike  or  sociable  manners. 
Mould  presents  the  appearance  of  small  mushrooms  with  the  most 
brilliant  colours.  In  short,  any  object  seen  through  the  microscope 
becomes  an  object  of  astonishment  and  admiration  :  thus,  for  in- 
stance, a  hair,  a  piece  of  silk  thread,  the  eye  or  wing  of  a  fly,  a 
bee's  sting,  a  spider's  claw,  a  cat's  or  mouse's  hair,  the  down  of 
fruit  the  scales  of  a  butterfly's  wing  or  of  fish,  starch  grams,  spider- 
web,  etc.,  etc.,  everywhere  we  recognise  the  infinite  perfection  of 

nature's  works.  . 

The  microscope  may  also  be  advantageously  used  to  recognise 
fraudulent  mixtures  in  cloths  of  vaiious  kinds,  by  giving  a  means 
of  ascertaining  whether  they  contain  wool  or  silk,  linen  or  cotton. 


-375] 


Magic  Lantern. 


385 


CHAPTER  VIII. 

OPTICAL  RECREATIONS. 

375.  nxagric  lantern. — -In  the  instruments  that  still  remain  to  be 
described,  the  aim  is  to  project  on  a  screen  reduced  or  enlarged 
images  of  an  object,  so  as  to  exhibit  them  to  a  number  of  spectators, 
or  to  utilise  them  for  drawing. 

The  oldest  and  most  simple  of  these  apparatus  is  the  magic 
lantern,  which   was   invented    by  Father   Kircher,  a  German 


Fig.  315. 


Jesuit,  about  200  years  ago,  and  is  used  to  project  a  magnified 
image  of  small  objects  painted  on  glass  on  a  white  screen  in  a 
dark  room  (fig.  315).  It  consists  of  a  box  of  sheet  metal  in 
which  there  is  a  lamp  placed  in  the  focus  of  a  concave  mirror,  M 

c  c  ' 
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(fig.  316).  The  reflected  rays  fall  upon  a  condensing  lens,  L,  which 
concentrates  them  on  the  figure  painted  on  a  glass  plate,  ab.  There 
is  a  system  of  two  lenses,  m,  acting  as  a  single  one  of  great  magni- 
fying power,  at  a  distance  from  ab  of  rather  more  than  its  focal 
distance.  At  this  distance  the  system  of  two  lenses  acts  as  in  the 
experiment  (fig.  316)  ;  that  is,  a  real  and  very  much  magnified 
image  of  the  figure  on  the  glass  is  produced  on  the  screen.  The 
image  is  made  erect  by  placing  in  the  lantern  the  glass  painted 
in  such  a  manner  that  the  design  is  reversed.  The  image,  AB,  is 
formed  at  so  much  the  greater  distance,  and  is  so  much  the  more 
amplified,  the  nearer  the  glass,  ab,  is  to  the  principal  focus  of  the 
system  of  lenses,  m,  and  the  greater  the  magnification  of  this 
system. 


Fig.  316. 

376.  Phantasmagoria.— This  is  only  a  modification  of  the 
magic  lantern,  and  dates  from  the  end  of  the  eighteenth  century  :  its 
name  is  derived  from  two  Greek  words,  which  signify  assemblage  of 
phantoms,  for  it  was  originally  used  to  produce  fright,  by  making 
spectres  appear  in  darkness. 

The  internal  arrangement  of  the  phantasmagoria  is  just  the  same 
as  in  the  magic  lantern,  the  only  diff'erence  being,  that  in  the  magic 
lantern  the  image  projected  on  the  screen  is  always  of  the  same 
size,  while,  in  the  case  of  the  phantasmagoria,  the  size  may  be  varied 
at  pleasure.  To  understand  how  this  is  eff"ected,  let  us  refer  to  lig. 
316  which  represents  the  arrangement  of  glasses  in  the  magic  lan- 
tern The  lenses,  m,  which  are  used  to  project  the  images  on  the 
screen,  being  always  at  the  same  distance  from  the  painted  glass, 
ab,  the  image,  AB,  is  always  at  the  same  distance,  and  is  always 
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therefore  of  the  same  size.  Now  if  one  of  the  lenses,  m,  be  brought 
nearer  the  glass,  ab,  it  follows  from  the  properties  of  lenses  (344) 
that  the  image  will  be  formed  at  a  greater  distance,  and  will  be- 
larger.  Hence  the  effect  sought  requires  two  movements  ;  one 
which  brings  the  system  of  lenses,  m,  nearer  the  painted  glass,  to 
amplify  the  image  ;  the  other,  which  makes  the  whole  apparatus  re- 
cede, so  that  the  image,  while  being  moved  away,  is  always  formed 
upon  the  same  screen  as  at  first. 


Fig.  317. 

To  obtain  this  double  effect  the  whole  apparatus  is  mounted  upon 
four  small  wooden  wheels  covered  with  doth,  so  that  h  y  Q 
no.selessly  on  the  floor.  Figure  317  represents  a  phantasit'oria 
thus  arranged,  w.th  the  difference  that  in  the  figure  k  is  double^]  '  t 
IS,  consists  of  two  apparatus  united     We  sh.ll  °0"'3'e,tl  at 

reason  for  this  double  use  r^77)  Jnri  f.  h  P'-esently  see  the 

consider  one  of  the  p  rtf '^t1  :  ^o  / 'f  TT' ^  ""'^ 
with  a  conical  brass  tube  :  in   his  tube  is  the  1      '  T  ^'""'^^^ 

TmmJd  rï'\'^'  ™-  ortclXn.;;~ 

hand.  "^^'^'^        experimenter  turns  wUh  the 

A  large  white  sheet  is  stretched  in  front  nf  ,\.^ 
the  spectators  are  on  the  other  side  ÔÎ  the  sLet  ThT'TT"; 
m  complete  darkness,  the  e.xperimenL  Ïca.     1  Jst  o^^^  to  k 
the  projection  lens  away  from  the  glass,  on  whic,     e  pa  e^^e 
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objects  he  desires  to  show.  Thus  there  is  at  first  formed  on  the 
sheet  a  very  small  image  of  the  object.  Then,  with  one  hand,  the 
experimenter  brings  the  lens  near  the  painted  glass,  while  with  the 
other  he  draws  towards  himself  the  apparatus,  and  away  from  the 
cloth  •  the  image  projected  on  the  latter  gradually  increases,  and 
ultimately  becomes  very  large.  The  spectators,  who  see  the 
image  very  distinctly  through  the  cloth,  fall  into  the  illusion 
that  its  increase  in  size  is  due  to  its  coming  nearer  them.  Some 
authors  have  supposed  that  use  was  made  of  the  phantasma- 
goria  in  remote  antiquity,  and,  by  means  of  apparatus  of  this 
kind  those  initiated  into  the  mysteries  of  I  sis  and  Ceres  were 
terrified,  and  the  infernal  deities  evoked  were  made  to  appear.  \et 
nothincr'indicates  that  lenses  were  then  known  ;  concave  mirrors, 
however,  would  be  sufficient  for  producing  effects  analogous  to  those 

of  the  phantasmagoria.  ,     ,  , 

Polyorama,  or  dissolving  views—The  polyorama  is  an 
application  of  the  phantasmagoria.    It  is  a  double  lantern,  as  repre- 
sented in  fig.  317,  and  the  two  systems  of  lenses  converge  towards 
the  same  point  of  the  cloth  which  receives  the  image.  Two  pictures 
on  glass  are  used  representing  the  same  view  under  different  con- 
ditions ;  for  example.  Mount  Vesuvius  seen  at  daytime,  calm,  and 
with  a  slight  cloud  of  smoke  rising  from  it  ;  the  other  when  seen 
at  night  vomiting  forth  flames  and  torrents  of  fiery  lava.  Having 
arranged  these  glasses,  each  in  one  of  the  lanterns   and  the 
Îens  s  being  so  arranged  as  to  project  the  magnified  images  on 
exactly  the  same  part  of  the  cloth,  the  diaphragm  of  the  one  con- 
taTning  the  picture  representing  the  effect  of  day  is  opened  ;  the 
othe  femaining  closed.    Then  when  the  image  has  for  some  time 
bein  exposed  to  the  view  of  the  spectators,  a  mechanism  is  worked, 
S?-adually  closes  the  one  which  has  been  exposed  and  open^ 
the  other     It  follows,  that  in  successively  passing  through  all  the 
shade  of  light,  the  image  which  produces  the  effect  of  day  disap- 
pears while  it  s  gradually  replaced  by  the  effect  of  night  rep.e- 
sen  ed  on  he  other.    In  like  manner,  too,  the  effect  of  the  moon 
is^e  may  be  made  to  succeed  to  sunset  ;  to  a  calm  and  transpa- 
-ent  seT  I  tempest  ;  to  a  smiling  landscape,  a  snow  effect,  and  so 
îolÏr     Hence  the  nkme  polyorama,  from  two  Greek  words,  which 

'''".Vp^ritrctHcal  xnicroscdpe-This  apparatus  is  based 
on£f;^;^^;^sasthemagiclanternandU.ph^^^^^ 
But,  as  in  these  apparatus,  the  subjects  pamted  on  glass 
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some  size,  no  great  enlargement  is  required,  and  therefore  the  illumi- 
nation need  not  be  very  intense.  Whereas  objects,  the  image  of 
which  is  reproduced  by  the  photo-electrical  microscope,  being  very 
small,  should  be  considerably  magnified,  and  the  light  must  there- 
fore be  very  powerful,  or  else  the  image  will  be  confused  and  indis- 


Fig.  318. 


tinct.  Hence  the  apparatus  is  illuminated  by  the  powerful  light 
which  the  electric  battery  yields. 

Figure  318  represents  the  use  of  the  photo-electric  microscope. 
On  the  floor  is  a  series  of  vessels  which  serve  for  the  disengage- 
ment of  electricity,  and  which  we  shall  aftenvards  describe  as 
the  electric  battery.  From  these  vessels  the  electricity  passes  by 
two  stout  copper  wires  to  two  rods  of  charcoal,  contained  in  the  box 
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B.  Thus  charged  with  electricity,  these  carbons  become  healed  to 
incandescence,  and  emit  an  extremely  bright  light.  A  reflector,  I, 
sends  the  luminous  rays  in  the  direction  of  the  tube,  C,  where  they 
meet  two  condensing  lenses,  which  concentrate  them  on  the  very 
small  object  which  is  to  be  magnified,  and  which  is  arranged 
between  two  glass  plates,  X.  The  rays  pass  from  thence  into  a 
tube  D,  where  there  is  a  system  of  condensing  lenses  intended  to 
produce  the  same  effect  of  projection  as  the  lenses,  m,  in  the  magic 
lantern  (375)  ;  that  is,  it  is  a  system  of  lenses  which  produces  on  a 
white  screen  at  a  distance  an  extremely  magnified  image  of  the 
small  object  placed  between  the  glass  plates.  The  tube,  D,  is 
movable,  and  may  be  approached  to  or  receded  from  the  object,  so 
as  to  vary  the  magnification. 

In  the  adjacent  figure,  the  image  projected  on  the  screen  is  that 
of  the  infusoria  which  are  found  in  paste  when  it  has  fermented.  A 
small  quantity  is  mixed  with  water,  and  a  few  drops  put  in  a  small 
glass  box  with  parallel  faces,  which  is  placed  at  X.  A  multitude  of 
these  animalculse  are  seen  on  the  screen,  ten  or  twelve  inches  in 
length,  which  move  about  in  a  confused  mass,  and  soon  die  in  con- 
sequence of  the  heat  which  is  concentrated  along  with  the  light  in 
the  focus  of  the  lenses. 

379.  Experiments  with  the  photo-electric  microscope  are 
among  the  most  interesting  in  the  whole  range  of  physics.  By  its 
means,  objects  of  extreme  minuteness  may  be  exhibited,  greatly 
magnified,  to  a  large  number  of  spectators.  A  hair,  for  example, 
looks  Uke  a  broomstick  ;  a  flea  like  a  sheep  ;  the  itch-tick,  an  ani- 
malcule found  in  itch  pustules,  and  by  which  this  disease  is  propa- 
gated, appears  like  a  man's  head  ;  the  same  is  the  case  with  the 
animalcules  found  in  decayed  cheese,  although  these  canuot  be  seen 
by  the  naked  eye.  One  of  the  most  remarkable  experiments  is  that 
showing  the  circulation  of  the  blood.  This  is  made  by  placing  be- 
tween two  glass  plates  the  tail  of  a  living  tadpole,  that  is  to  say,  the 
young  of  a  frog  before  its  upper  and  lower  limbs  are  developed. 
There  is  then  observed  on  the  screen  a  kind  of  illuminated  map,  all 
the  rivers  in  which  appear  to  flow  very  rapidly  :  this  is  the  blood 
which  circulates  in  the  veins.  A  very  beautiful  experiment  is  the 
crystallisation  of  salts,  and  especially  of  sal  ammoniac.  This  salt 
is  dissolved  in  water,  and  a  drop  of  the  solution  is  spread  on  a  glass 
plate,  which  is  placed  in  the  apparatus.  As  the  heat  makes  the 
water  evaporate,  a  vegetation  quickly  forms,  which  is  surpnsing 
from  the  promptitude  with  which  the  crystalline  molecules  group 
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themselves  together  to  produce  magnificent  ramifications  like  fern 
leaves. 

The  apparatus  we  have  described  is  sometimes  modified,  so  as 
to  be  illuminated  by  sunlight,  and  is  then  called  the  solar  microscope. 
It  is  also  illuminated  by  the  intense  light  produced  by  allowing  the 
oxyhydrogen  flame  to  impinge  upon  a  piece  of  lime.  It  is  then 
called  the  oxyhydrogen  7nicroscope. 

3S0.  Camera  obscura. — A  Neapolitan  physician,  Jean  Baptiste 
Porta,  first  observed  in  1680  that  if  a  very  small  hole  be  perforated 


Fig-  319- 

in  the  shutter  of  a  dark  room,  one  that  is  quite  deprived  of  light,  all 
objects  which  can  reach  the  hole  depict  themselves  on  the  opposite 
screen,  and  of  so  much  the  smaller  dimensions  the  nearer  this  screen 
is  to  the  aperture. 

Porta  also  found  that  by  fixing  a  double  convex  lens  in  the 
aperture,  and  placing  a  white  screen  in  the  focus,  the  image  was 
much  brighter,  and  more  definite.  In  both  cases  the  images  are 
inverted.  Fig.  319  shows  how  images  formed  in  the  camera  obscura 
are  reversed  upon  the  screen.  It  is  due  to  the  rays  crossing  on 
entering  the  aperture.  It  follows,  in  fact,  that  rays  from  the  higher 
parts  of  the  object  proceeding  in  a  straight  line  meet  the  lower  part 
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•  of  the  screen,  while  the  reverse  is  the  case  with  rays  from  the  lower 
part.  The  coloration  of  the  image  is  readily  understood  by  ob- 
serving that  the  reflected  rays  are  of  the  same  colour  as  the  reflect- 
ing body  ;  that  is,  that  a  red  body  reflects  red  rays,  a  yellow  body 
yellow  rays,  and  so  on  ;  each  portion  of  the  image  is  formed  by  the 
coincidence  of  rays  of  the  same  colour  as  the  corresponding  part  of 
the  object  it  represents. 

The  images  formed  in  the  camera  obscura  have  the  peculiarity 
of  being  independent  of  the  shape  of  the  aperture  through  which 


Fig.  320. 

the  rays  enter,  provided  this  is  very  small  ;  that  is,  that,  whether 
this  aperture  is  round,  square,  or  triangular,  the  image  formed  on  the 
screen  is  always  a  faithful  reproduction  of  external  objects,  and  not 
of  the  hole  made  in  the  shutter.  To  account  for  this  phenomenon 
let  us  consider  the  case  of  a  pencil  of  sunlight  of  any  shape  whatever 
passing  into  a  dark  room  (fig.  3  20).  Compared  with  the  magnitude 
of  the  sun  this  hole  is  really  nothing  more  than  a  pomt;  whence  it 
follows,  that  the  whole  ot  the  rays  which  traverse  it  represent  an 
immense  luminous  cone,  of  which  the  hole  is  the  summit  and  the  sun 
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the  base.  By  their  being  prolonged  into  the  chamber  these  rays  give 
rise  to  a  second  cone  resembling  the  first,  but  far  smaller  ;  and  if 
this  second  cone  falls  upon  a  screen  which  is  perpendicular  to  the 
straight  line  joining  its  summit  to  the  centre  of  the  sun,  it  produces 
on  this  screen  a  circular  image  like  the  sun.  If  the  screen  is 
obliquely  inclined  towards  this  line,  as  represented  in  fig.  320,  the 
image  is  elongated,  but  it  never  has  the  shape  of  the  aperture  unless 
the  screen  is  very  close. 

In  the  same  manner  we  must  explain  the  luminous  circles  formed 
on  the  ground  under  an  avenue  of  trees  illuminated  by  the  sun  ; 


whatever  be  the  shape  of  the  spaces  in  the  foliage  through  which 
the  light  passes,  a  circular  image  of  the  sun  is  projected  upon  the 
ground  (fig.  321). 

381.  Rectification  of  Imag-es  of  the  camera  obscura.  When, 

in  a  camera  obscura,  a  monument  or  a  landscape  is  to  be  reproduced, 
the  image  must  be  rectified.  For  this  purpose  the  apparatus  is 
arranged  as  in  fig.  322.  A  little  above  the  hole  through  which  the 
light  enters,  a  plane  mirror  is  placed,  inclined  so  as  to  send  the  rays 
towards  a  condensing  lens  fixed  at  the  end  of  a  tube.    Below  this 
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lens,  and  at  its  focus,  is  placed  a  white  screen,  on  which  external 
objects  depict  themselves.  The  images  thus  obtained,  rectified  by 
the  reflection  of  the  rays  from  the  plane  mirror  and  their  passage 
through  the  lens,  are  not  merely  admirable  from  their  fidelity  and 
colour,  but  they  do  what  no  other  kind  of  reproduction  can  do,  they 
leproduce  motion.    If  the  camera  obscura  is  set  up  in  front  of  a 
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promenade,  or  a  public  place,  the  images  ot  the  passers-by  are  seen 
to  move  across  the  screen  and  reproduced  with  such  fidelity  that 
they  can  be  recognised. 

The  camera  obscura  gives  in  this  manner  an  amusing  spectacle  ; 
it  may,  moreover,  be  used  in  drawing,  for  even  a  person  who  can- 
not draw,  can  trace  with  a  pencil  the  outlines  of  the  image  on 
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a  screen.  For  this  latter  purpose  the  following  arrangement  is 
usually  adopted. 

382.  Portable  camera  otoscura.— To  use  the  camera  obscura 
for  producing  views,  it  should  be  light  and  portable,  and  should  not 
occupy  too  large  a  space.  Fig.  323  represents  a  simple  and  con- 
venient form  of  the  apparatus.  It  consists  of  a  wooden  tripod, 
supporting  a  board  of  the  same  material,  and  surrounded  by  a  cur- 
tain which  forms  a  small  tent,  in  which  the  artist  places  himself. 
In  the  centre  of  the  tent  is  a  small  table  resting  on  a  tripod,  on 


Fig.  323, 

which  is  produced  the  image.  At  the  top  of  the  apparatus,  in  a 
brass  tube  open  at  the  side,  is  a  glass  prism,  which  produces  the 
effect  both  of  the  inclined  mirror  and  of  the  lens  in  the  camera 
obscura  described  above.  For  this  purpose  the  first  face  of  the 
prism  IS  convex,  as  represented  in  fig.  324.  Hence  on  passing 
mto  this  prism  the  rays  from  a  distant  object  converge;  then  undert 
going  a  total  reflection  on  the  side  m  (333),  they  are  sent  towards 
the  third  face,  which  is  concave,  whence  they  emerge  with  the 
same  degree  of  convergence  that  they  had  before  traversing  the 
lens,  and  there  is  thus  reproduced  at  ab  on  the  table  P  the  image 
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of  the  object  AB,  from  which  they  come.  The  designer  takes  then 
the  outlines  of  this  image  on  a  sheet  of  paper. 


Fig.  324- 

383.  Photography.— /^/w^^gr^r/Zy/  is  the  art  of  fixing  the  images 
of  the  camera  obscura  on  substances  sensitive  to  light.  The  use 
of  the  camera  obscura  for  this  purpose  has  supplanted  its  other 
applications.  The  various  photographic  processes  may  be  classed 
under  three  heads  :  photography  on  metal,  photography  on  paper, 
and  photography  on  glass. 

Wedgwood  was  the  first  to  suggest  the  use  of  chloride  of  silver 
in  receiving  the  image;  and  Davy,  by  means  of  the  solar  microscope, 
obtained  images  of  small  objects  on  paper  impregnated  with  chlonde 
of  silver  ;  but  no  method  was  known  of  preserving  the  images  thus 
obtained,  by  preventing  the  further  '  action  of  hght.    Niepce  in 
1 814  obtained  permanent  images  of  the  camera  by  coating  glass 
plates  with  a  layer  of  a  varnish  composed  of  bitumen  dissolved  in 
oil  of  lavender.    This  process  was  tedious  and  inefficient,  and  it 
was  not  until  1839  that  the  problem  was  solved.    In  that  year. 
Daauerre  described  a  method  oi  fixing  the  images  of  the  camera, 
whkh  with  the  subsequent  improvements  of  Talbot  and  Archer, 
has  rendered  the  art  of  photography  one  of  the  most  marvellous 
discoveries  ever  made,  either  as  to  the  beauty  and  perfection  of 
the  results,  or  as  to  the  celerity  with  which  they  are  produced. 

Fier  V  ^  gives  a  vertical  section  of  the  kind  of  camera  obscura  used 
by  photographers.  It  consists  of  a  rectangular  wooden  box  m  two 
pieces,  one  of  which,  C,  is  fixed,  and  the  other,  B,  can  be  pushed  m 
or  out  like  a  drawer.  In  the  front  of  the  box,  C,  is  a  brass  tube, 
in  which  is  a  condensing  lens,  L,  which  is  fixed.  In  A  is  a  second 
tube  which  can  be  moved  backwards  or  fonvards  by  a  rack  and 
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pinion  moved  by  the  milled  head,  D.  In  this  second  tube  is  a 
second  lens,  L',  which,  by  the  motion  of  the  tube,  is  brought  nearer 
or  further  from  the  lens,  L.  The  combination  of  the  two  lenses 
forms  what  is  called  an  object-glass  with  combined  lenses.  The 
advantage  of  this  arrangement  is,  that  it  works  more  rapidly  than 
an  object-glass  with  a  single  lens,  has  a  shorter  focal  distance,  and 
can  be  more  readily  focussed. 

On  the  face  of  the  box  opposite  the  object-glass  is  a  screen  of 
ground  glass,  E,  which  can  be  removed  at  will,  and  on  which  a  re- 
versed image  of  the  object  is  formed.  Thus,  if  a  portrait  is  to  be 
taken,  the  person  is  placed  at  a  distance  of  three  or  four  yards  from 


Fig.  325- 


the  camera,  which  is  then  adjusted  until  the  image  is  formed  in  the 
proper  position  on  the  glass.  It  is  then  placed  in  exact  focus  by 
slowly  approaching  or  removing  the  lens  L'.  The  glass  is  con- 
tained in  a  frame  which  can  be  easily  removed  and  replaced  by 
the  slide  containing  the  material  on  which  the  photograph  is  to  be 
taken. 

The  photographs  on  metal,  or  daguerreotypes,  so  called  from 
Daguerre  the  inventor,  are  now  seldom  used.  The  photographic 
methods  in  glass  and  paper  are  infinitely  varied,  not  as  regards  the 
optical  part,  but  as  concerns  the  substances  employed,  and  there- 
fore as  regards  the  chemical  reactions  involved.  We  will  content 
ourselves  with  describing  the  ordinary  method  of  taking  a  portrait 
on  paper. 

For  this  purpose  what  is  called  a  negative  must  first  be  taken — 
an  inverse  image  of  the  object,  that  is  to  say,  in  which  the  light 
parts  are  dark,  and  vice  versâ.  With  this  view  a  glass  plate  is 
coated  with  a  thin  layer  of  collodion  (gun  cotton  dissolved  in  ether), 
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containing  a  certain  quantity  of  iodide  of  potassium.    The  plate 
thus  coated  is  then  placed  in  a  solution  of  nitrate  of  silver.  By 
the  chemical  reaction  between  the  iodide  of  potassium  and  the 
nitrate  of  silver  a  coating  of  iodide  of  silver  is  formed  on  the  plate, 
which  is  sensitive  to  light,  and  hence  this  operation  must  be  per- 
formed in  a  dark  room.    The  plate  is  then  placed  in  the  slide,  and 
inserted  in  the  camera  instead  of  the  focussing-glass.    The  slide  is 
so  constructed  that  the  plate  can  be  instantaneously  exposed  to  or 
cut  off  from  the  action  of  light.    After  exposure  for  a  suitable  time, 
the  slide  is  removed  to  a  dark  room.    No  change  is  visible  in  the 
plate,  but  on  pouring  over  it  a  solution  called  the  developer,  an 
image  gradually  appears.    The  principal  substances  used  for  deve- 
loping are  protosulphate  of  iron  and  pyrogallic  acid.    The  action 
of  light  on  iodide  of  silver  produces  some  change,  in  virtue  of 
which  the  developers  have  the  property  of  reducing  to  the  metallic 
state  those  parts  of  the  iodide  of  silver  which  have  been  most 
acted  upon  by  the  light.    When  the  picture  is  sufficiently  brought 
out,  water  is  poured  over  the  plate,  in  order  to  prevent  the  further 
action  of  the  developer.    The  parts  on  which  light  has  not  acted 
are  still  covered  with  iodide  of  silver,  which  would  also  be  affected 
if  the  plate  were  now  exposed  to  the  light.     It  is,  accordingly, 
washed  with  solution  of  hyposulphite  of  sodium,  which  dissolves 
the  iodide  of  silver  and  leaves  the  image  unaltered.    The  picture 
is  then  coated  with  a  thin  layer  of  spirit-varnish,  to  protect  it  from 
mechanical  injury. 

When  once  the  negative  is  obtained,  it  may  be  used  for  printing 
an  indefinite  number  of  positive  pictures.  For  this  purpose,  paper 
is  impregnated  with  chloride  of  silver,  by  floating  it  first  on  a 
solution  of  chloride  of  sodium  and  then  on  one  of  nitrate  of  silver  ; 
chloride  of  silver  is  thus  formed  on  the  paper  by  double  decompo- 
sition. The  negative  is  placed  on  a  sheet  of  this  paper  in  a  copying 
frame,  and  exposed  to  the  action  of  light  for  a  certain  time.  The 
chloride  of  s  lver  becomes  acted  upon— the  light  parts  of  the  nega- 
tive being  most  affected,  and  the  dark  parts  least  so.  A  copy  is 
thus  obtained,  on  which  the  lights  of  the  negative  are  replaced  by 
shades,  and  conversely.  The  picture  is  next  immersed  in  a  bath 
of  chloride  of  gold,  by  which  those  parts  on  which  the  light  has 
acted  become  coated  with  gold  ;  and  according  to  the  extent  to 
which  this  process  is  carried,  different  shades  of  colour  are  pro- 
duced. The  picture  still  contains  some  unaltered  chloride  of 
silver  which  would  be  changed  if  it  were  now  exposed  to  the  action 
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of  light  ;  and  to  fix  it,  the  picture  is  immersed  in  a  solution  of 
hyposulphite  of  sodium,  which  dissolves  the  unaltered  chloride  of 
silver.  Finally  the  picture  is  well  washed  with  pure  water,  which 
dissolves  out  the  hyposulphite  of  sodium  and  all  other  soluble 
salts. 

384.  Positives  on  grlass. — Very  beautiful  positives  are  obtained 
by  preparing  the  plates  as  in  the  preceding  cases  ;  the  exposure  in 
the  camera,  however,  is  not  nearly  so  long  as  for  the  negatives. 
The  picture  is  then  developed  by  pouring  over  it  a  solution  of 
protosulphate  of  iron,  which  produces  a  negative  image  ;  and  by 
afterwards  pouring  a  solution  of  cyanide  of  potassium  over  the 
plate,  this  negative  is  rapidly  converted  into  a  positive.  It  is  then 
washed  and  dried,  and  a  coating  of  varnish  poured  over  the  picture. 

385.  Diorama. — The  name  dioraiiia  is  derived  from  two  Greek 
words  which  signify  viewed  through,  and  is  applied  to  pictures 
pamted  on  muslin  or  on  calico,  so  as  to  represent  two  opposite 
effects  like  the  polyorama,  according  as  the  pictures  are  seen  by 
reflection  or  by  transmission. 

The  picture  is  an-anged  vertically  in  a  dark  room  as  represented 
in  fig.  326.  The  first  effect,  that  painted  on  the  front  of  the  cloth, 
is  illuminated  by  reflection  :  the  second,  that  painted  behind,  is  illu- 
minated by  transmission.  With  this  view  light  enters  through  a 
window,  M,  in  an  upper  story,  and  is  sent  to  a  screen,  E,  which  re- 
flects it  towards  the  picture,  and  lights  it  from  the  front  ;  behind  the 
picture  is  another  window,  N,  which,  when  open,  lights  it  behind 
The  shutters,  NN,  being  closed,  the  spectators  first  see  the  subject 
on  the  front  of  the  cloth.  By  a  simple  arrangement,  a  shutter  A 
which  slides  without  noise  in  two  grooves,  is  made  to  advance  Lnd 
when  the  picture  is  scarcely  illuminated,  by  degrees  the  shutters, 
WN,  are  opened  ;  and  then  the  picture  painted  on  the  other  side 
of  the  cloth  appears  through  it,  and  is  substituted  for  the  former 

r\r\  a 


one 


The  diorama  was  invented  by  Daguerre,  who  had  great  skill  in 
this  kind  of  painting.  The  succeeding  figure  represents  the  valley  of 
Goldau  before  the  terrible  landslip,  which  took  place  on  September 
2,  1806.  At  the  moment  light  was  intercepted  by  the  screen  liaht- 
ning  flashed,  thunders  roared,  and  there  were  all  the  effects  of  a 
violent  storm.  On  the  return  of  day,  the  rocks  had  given  way,  the 
lake  had  been  partly  filled  up,  and  the  chalet  destroyed  ;  in  short 
the  image  of  ruin  and  desolation  was  reproduced  with  astounding 
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386.  Ghost  scenes. — We  will  give  here  a  description  of  a  curious 
optical  effect,  which  was  first  introduced  some  years  ago  in  the 
theatres,  under  the  name  of  ghost  scenes. 


In  order  the  more  readily  to  understand  the  appearance  of  these 
spectres,  let  us  recall  an  effect  which  everyone  has  observed.  W  hen 
on  a  railway  journey,  towards  evening,  we  look  at  the  winoows  of 
carriage  doors,  we  see  a  pale  and  indistinct  image  of  the  travellers 
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partment  ;  and  the  faint  light  of  the  images  arises  from  the  fact, 
that  the  panes  allowing  great  pari  of  the  light  to  be  transmitted 
send  very  little  towards  the  observer.  A  similar  effect  is  produced 
when  in  the  evening,  in  a  well-lighted  street,  a  window  front,  which 
is  little  or  not  at  all  lighted,  is  looked  at.  The  observer  sees 
his  own  image  and  that  of  the  passengers  on  the  other  side  of 
the  nanes  These  effects  are  not  seen  in  full  daylight,  for  the 
images  which  tend  to  be  reproduced  are  effaced  by  the  brightness 

°^*hÏefrects  have  been  utilised  in  public  to  simulate  the  ap- 
pearance of  ghosts.    Fig.  327  represents  the  arrangement  of  the 
apparatus  infended  for  this  purpose.    On  the  floor  of  t^re  stage, 
not  seen  by  the  spectators,  is  an  actor  covered  by  a  sheet  and  in- 
tended to  represent  the  ghost.    Between  the  actor  and  the  public 
is  a  dark  lantern,  illuminated  by  the  lime  light,  which  gives  an 
extremely  bright  light.    An  assistant  directs  the  light  upon  the 
.c tor  and  the  white  cloth,  thus  powerfully  illuminated,  sends  its 
ïjs  towards  an  inclined  plate  of  glass,  placed  near  the  assistant 
TWs  c^lass,  which  is  silvered,  sends  almost  all  the  reflected  hght 
towards  a  second  plate  which  is  not  silvered,  on  the  same  scene. 
TlTis  latter  plate  acts  like  those  in  carriages  and  in  shopwmdows, . 
w     h  w  have  mentioned  above,  and  being  traversed  by  the  greater 
ofThe  incident  rays,  sends  but  little  light  towards  the  spectators 


S:^d:i;::^^s^  c;;:.  taken  t^t  themummationinthe 
doom's  very  faint,  the  light  is  sufficient  to  give  a  cloudy  image  of 

^^^Hr::ri~-c.ethepubi.^ 


.hr  rry^::;;;ch  i^care^lly  concealed  by  hangings  arul 
throu^n  inc  ^  behind  the  plate  at  the  same  dis- 

'"Vh:t:;:e%rfl''prXed  «.h  .  si„g.ep,..e,b„.as  i.s 
ohltaUv  «nds  .0  give  inclined  images,  .0  rectify  .hem,  the  actor 
H^  the  ti°eat,e  must  hold  himself  so  much  inchned  as  to  render 
:f;i  ^*y  difficult.  With  the  two  plates  represented  ,n  the 
above  figure,  the  actor  retains  his  natural  pos.t.on. 

VISION  AND  STEREOSCÇPE. 
«f  th«>  eve  and  mechanism  of  vision.— Al- 
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merely  a  true  oiDtical.  instrument,  but  one  of  great  perfection;  it 
has,  for  instance,  the  remarkable  property  of  spontaneously  adapting 
itself  at  once  to  see  distinctly  at  various  distances,  which  the  best 
optical  instruments  cannot  do. 

The  eye  is  almost  spherical  in  shape,  and  is  surrounded  by 
several  membranes,  which  fig.  328  represents  open  from  back  to- 
front.  The  front  part  of  the  eye  is  a  perfectly  transparent  membrane, 
c,  called  the  transparent  cornea,  and  which  is  commonly  called  the 
white  of  the  eye.  At  a  small  distance  behind  the  cornea,  is  a  mem- 
branous diaphragm,  hi,  called  the  iris  ;  it  constitutes  the  variously 
coloured  disc  which  appears  in  the  middle  of  the  white  of  the  eye, 
and  to  which  is  due  the  colour.  In  the  centre  of  the  iris  is  an 
aperture  called  the  pjipil  ;  in  man  this  is  circular,  and  in  the  cat 
narrow  and  elongated,  and  through  it  rays  pass  into  the  eye.  Be- 


Fig.  328. 

hind  the  iris,  but  very  near  it,  is  the  crystalline  lens,  0,  which  is  a 
transparent  mass,  having  the  shape  and  fulfilling  the  functions  of  a 
double  convex  lens.    The  whole  of  the  hinder  part,  from  the  crys- 
talline to  the  back  of  the  eye,  is  filled  with  a  gelatinous  transparent 
mass,  like  white  of  egg,  which  is  called  the  vitreous  humour.  In 
front  of  the  eye,  between  the  crystalline  and  the  cornea,  is  a  per- 
fectly transparent  liquid  called  the  aqueous  humour.    The  whole 
of  the  back  inside  part  of  the  eye  is  lined  with  a  soft,  whitish,  trans- 
parent membrane,  R,  called  the  retina  ;  it  is  nothing  more  than  the' 
extension  of  a  nerve,  N,  which  proceeds  to  the  brain,  and  transmits 
the  sensation  of  vision,  whence  it  receives  the  name  optic  nerve 
Behind  the  retina  is  a  second  membrane,  C,  called  the  choroid 
which  IS  mipregnated  by  a  black  matter,  that  absorbs  all  rays  which 
should  not  co-operate  in  producing  vision.    Lastly,  a  membrane  S 
the  sclerotica,  surrounds  the  whole  eyeball  behind,  and  joins  the 
transparent  cornea  in  front. 
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These  details  being  known,  we  may  easily  account  for  the  me- 
■chanism  of  vision  ;  for  the  eye  is  in  fact  a  small  camera  obscura 
{380),  of  which  the  pupil  is  the  aperture,  the  crystalline  is  the  con- 
densing lens,  and  the  retina  is  the  screen  on  which  the  ima^e  is 
formed.    The  optic  nerve,  carrying  from  thence  to  the  brain  the 
impression  produced  by  the  vibrations  of  the  ether  on  the  nervous 
system  of  the  retina,  enables  us  to  perceive  external  objects.  In 
accordance  with  this  explanation,  we  should  see  objects  reversed, 
and  not  in  their  natural  position.    The  inversion  of  images  in  the 
eye  has  greatly  occupied  both  physicists  and  physiologists,  and 
many  theories  have  been  proposed  to  explain  how  it  is  that  we  do 
not  see  inverted  images  of  objects.    Some  have  supposed  that  it  is 
by  custom,  and  by  a  regular  education  of  the  eye,  that  we  see  objects 
in  their  true  position,  that  is  to  say,  in  their  position  relative  to  us. 
The  visual  impression  becomes  corrected  by  the  impression  of 
other  senses,  such  as  that  of  touch.    M  tiller,  Volkmann,  and  others 
have  contended  that,  as  we  see  everything  inverted,  and  not  simply 
one  object  among  others,  nothing  can  appear  inverted,  because 
terms  of  comparison  are  wanting.    It  must,  however,  be  admitted 
that  none  of  these  theories  is  quite  satisfactory. 

388  Distance  of  distinct  vision.  Short  and  long  si^lit.— 
We  know  that  in  double  convex  lenses  the  distance  of  images  from 
the  lens  increases  or  diminishes  as  the  object  is  approached  or  re- 
ceded (341).  Hence,  according  to  the  distance  of  the  objects 
looked  at,  it  would  seem  that  the  image  formed  by  the  crystalline 
should  be  sometimes  formed  exactly  on  the  retina,  and  sometimes  a 
little  in  front  of  or  behind  this  membrane.  Only  objects  placed  at 
a  certain  distance  should  then  be  seen  distinctly  ;  all  those  nearer 
or  further  should  appear  confused.  This  does  not  occur  ^^^th  a  well- 
shaped  eye,  for  it  sees  objects  distinctly  at  very  different  distances  ; 
whence  it  is  concluded,  that  the  eye  has  the  power  of  equally  accom- 
modating itself,  so  that  the  image  is  always  formed  exactly  upon 

the  retina.  .  j-o-  <. 

Yet  though  the  eye  can  well  distinguish  objects  at  very  different 
distances,  there  is  in  the  case  of  each  person  a  distance  at  which 
objects  are  more  distinctly  seen  than  at  any  other.  This  distance 
is  called  the  distance  of  distinct  vision  ;  it  varies  with  different  per- 
sons and  often  in  different  eyes  in  the  same  individual  ;  for  small 
objects  like  print  it  is  usually  about  ten  or  twelve  inches. 

Those  xyho  can  only  see  well  at  shorter  distances  have  a  defect 
in  the  shape  of  the  eye  ;  they  are  said  to  be  myoptic  or  short-stghtcd 
from  two  Greek  words  which  signify  close  the  eyes  ;  for  myoptic 
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persons,  in  order  to  see  more  distinctly,  do  in  fact  involuntarily  half- 
close  the  eyes.  If  the  distance  of  distinct  vision  is  greater  than  ten 
or  twelve  inches,  that  is  also  due  to  a  malformation  of  the  eye,  and 
those  affected  by  it  are  called  long-sighted  or  p7-csbyoptic,  from  a 
Greek  word  which  signifies  aged,  for  this  defect  is  usually  met  with 
in  aged  persons. 

Myopy,  or  short-sight,  results  from  too  great  a  convexity  of  the 
cornea,  or  of  the  crystalline.  The  eye  being  too  convergent,  the 
rays  of  light  from  an  object,  M,  for  instance,  are  refracted  in  such  a 
manner,  that  instead  of  forming  their  focus  exactly  on  the  retina,  • 
they  form  it  a  little  in  front,  at  vi  (fig.  329),  and  therefore  the  image 
which  this  membrane  perceives  is  confused.  But  if  objects  are  ap- 
proached to  the  eye,  as  at  Mj,  the  image  recedes,  and  is  formed 
exactly  on  the  retina  when  the  objects  are  sufficiently  near,  which 


Fig.  329, 


explains  why  short-sighted  persons  only  see  objects  when  they  are 
very  close.  They  can  also  see  more  distinctly  by  contracting  the 
pupil,  or  by  looking  through  a  small  hole  perforated  in  a  card  ;  for 
then,  as  the  diameter  of  the  luminous  pencil  which  penetrates  into 
the  eye  is  less,  the  rays  mainly  penetrate  the  crystalline  at  the 
centre,  and  being  therefore  less  affected  by  its  excess  of  convexity, 
they  form  the  focus  at  a  greater  distance.  Myopy  is  mainly  met 
with  in  young  people  ;  as  they  grow  older,  the  convexity  of  the  eye 
diminishes,  so  that  their  sight  generally  becomes  better  when  that 
of  other  people  becomes  worse. 

Presbytism,  or  long-sight,  is  due  to  the  flattening  of  the  crystal- 
line ;  as  the  eye  is  then  no  longer  sufficiently  convergent,  the  rays 
from  M  (fig.  330),  instead  of  forming  their  focus  en  the  retina,  tend 
to  form  beyond  it  at  m,  whence  it  arises  that  the  eye  only  observes 
a  confused  image.  But  as  the  object  recedes,  as  at  M„  the  image 
comes  nearer  the  crystaUine,  and  is  ultimately  formed  exactly  on  the 
retina,  when  objects  are  sufficiently  distant  ;  which  explains  why 
long-sighted  persons  sec  objects  most  distinctly  when  ihcy  arc 
distant. 
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Short-sighl  is  remedied  by  the  use  of  concave  or  diverging  lenses 
before  the  eyes  (fig.  329)  ;  as  the  pencil  is  spread  out  before  entering 
the  eye,  by  the  action  of  these  glasses,  the  focus  m  of  the  crystalline 
is  receded  as  far  as  the  retina,  ?;z„  provided  the  degree  of  divergence 
of  the  glasses  is  suitably  adapted  to  the  excess  of  convexity  of  the 


Fig.  330. 

crystalline.  For  far-sight,  on  the  contrary,  condensing  or  convex 
lenses  should  be  used  (fig.  33°),  so  as  to  correct  the  want  of  con- 
vexity of  the  crystalline.  As  the  rays  then  become  more  convergent 
before  entering  the  eye,  the  image,  which  would  other\vise  be  formed 
beyond  the  retina  at  m  (fig.  3P),  approaches  it,  and  is  ultimately 
formed  exactly  upon  it. 

For  a  long  time  double  concave  lenses  were  exclusively  used  for 
short-sight,  and  double  convex  for  far-sight.  The  concavo-convex 
lenses  represented  in  0,in  fig.  275,  are  recommended  for  long  sight, 
and  those  in  R  (fig.  276)  for  short  sight.  These  are  called  peri- 
scopic  glasses,  from  two  words  meaning  io  see  round  ;  for  as  then- 
shape  better  enables  them  to  embrace  the  eyeball,  they  facihtate 
vision  in  all  directions  ;  and,  as  they  do  not  deform  objects,  they 
do  not  fatigue  the  eye  like  other  glasses. 

389.  Binocular  vision.— Although  we  have  two  eyes,  and  when 
we  fix  them  on  the  same  object,  each  forms  its  own  image  upon  the 
retina,  yet  we  only  see  one  object,  just  as  with  two  ears  we  only 
hear  one  sound.  Various  hypotheses  have  been  made  to  account 
for  single  vision  with  two  eyes.  Some  have  considered  it  as  an 
effect  of  habit;  others,  assigning  toit  a  physiological  cause,  have 
assumed  that  two  points  similarly  placed  on  the  two  returns  corres- 
pond to  the  same  nervous  filament  which,  commg  from  the  bram, 
bifurcates  towards  each  eye.  Hence  the  two  impressions  smiul- 
taneously  produced  on  the  two  retinas  result  in  a  smgle  sensation. 

Not  only  does  simultaneous  vision  with  two  eyes  enable  us  to 
see  bodies  with  greater  lustre,  but  it  gives  us  the  impression  of 
relief,  as  the  stereoscope  well  shows. 
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390.  stereoscope.— The  stereoscope,  so  called  from  two  Greek 
words  which  mean  perception  of  solidity,  is  an  ingenious  instrument, 
which  was  invented  by  Sir  C.  Wheatstone,  and  modihed  to  its 
present  form  by  Sir  D.  Brewster. 

To  understand  the  effect  of  the  stereoscope,  let  us  observe  that 
when  we  look  at  an  object  with  two  eyes,  each  eye  does  not  see  it 


Fig-  33I' 
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under  exactly  the  same  aspect,  but  under  a  slightly  different  per- 
spective. Thus  let  a  small  object,  such  as  a  dice,  be  successively 
viewed  with  one  eye,  at  a  slight  distance,  without  moving  the  head. 
If  the  cube  be  just  in  front  of  the  observer,  looking  at  it  with  his 
left  eye,  he  will  see  the  face,  and  a  small  portion  of  the  left  side, 
the  other  being  concealed  (fig.  331)  ;  if,  on  the  contrary,  he  views 
it  with  his  right  eye,  he  sees  the  front 
and  a  portion  of  the  right  side,  the 
other  being  hidden  (fig.  332).  Thus 
the  two  images  formed  on  the  retina 
are  not  quite  identical,  for  each  cor- 
responds to  a  different  point  of  view. 
It  is  this  difference  in  the  images 
which  gives  us  the  sensation  of  relief 
in  bodies,  and  enables  us  to  appre- 
ciate their  shape  and  their  distance. 

This  may  be  confirmed  by  making 
two  drawings  of  the  same  object, 
taken  respectively  with  the  perspective 
belonging  to  the  right  and  to  the  left 
eye  ;  then,  as  each  eye  looks  separately 
at  the  drawing  through  prisms  or 
lenses,  which  make  the  two  drawings 
coincide,  by  giving  the  rays  of  light 
the  same  direction  as  if  they  con- 
verged from  a  single  object,  the  impressions  produced  upon  each 
retina  will  be  the  same  as  if  the  object  itself  were  viewed.  The 
illusion  is  in  fact  so  complété  that,  however  prejudiced  we  mav 
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be,  it  is  impossible  not  to  be  deceived,  so  true  are  the  effects  ot 
relief  and  perspective. 

This  is  the  principle  of  the  stereoscope.  Fig.  333  shows  the  path 
of  the  rays  of  light  in  the  instrument.  At  A  is  the  drawing  of  the 
object  seen  with  the  left  eye  ;  at  B  that  of  the  same  object  seen 
with  the  right.  The  rays  from  these  images  fall  on  two  lenses  ;« 
and  «,  and  take,  after  having  traversed  them,  the  same  direction  as 
if  they  came  from  the  point  C  ;  the  object  represented  at  A  and  B 
appears  in  relief  at  this  spot. 

The  lenses  ;«  and  n  must  impart  exactly  the  same  deviation  to  the 
rays,  and  they  should  therefore  be  exactly  identical.  Brewster  at- 
tained this  result  by  cutting  in  two  halves  a  double  convex  lens, 
and  placing  the  right  half  in  front  of  the  left  eye,  and  the  left  half 
in  front  of  the  right  eye,  as  shown  i-n  fig.  333. 


Fig-  334- 

To  produce  the  sensation  of  relief,  the  two  dissimilar  images  at  .A 
and  B  should  give  from  two  different  points  of  view  so  faithful  a 
representation  of  the  same  object,  that  these  separate  views  cannot 
be  taken  by  the  hand.  And  it  is  only  practicable  by  means  of 
photography.  Fig.  334  represents  two  photographs  of  Wheat- 
stone,  taken  at  a  slightly  different  angle.  That  of  the  left  repre- 
sents more  of  the  full  face,  and  must  be  looked  at  with  the  left 
eye  •  the  other  one  is  more  in  profile,  and  must  be  viewed  with 
the  right  eye.  These  two  views  being  placed  in  the  stereoscope 
disappear  for  each  observer,  for  then  the  two  sensations  special  to 
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each  eye  coalesce,  and  form  a  single  image  as  represented  in  fig. 
335,  and  the  original  appears  so  solid,  with  such  perfect  relief,  that 
the  imagination  can  with  difficulty  realise  the  fact  that  we  are  only 
concerned  with  a  drawing  on  a  plane  surface. 


If  the  position  of  the  pictures  be  reversed,  that  is,  if  the  right- 
hand  picture  is  viewed  with  the  left  eye,  and  vice  versa,  the  eleva- 
tions of  the  pictures  appear  as  depressions  and  the  image  produced 
is  that  of  an  intaglio.    Such  pictures  are  called  psettdoscopcs. 

When  objects  seen  in  the  stereoscope  are  of  different  colours, 
the  impression  produced  is  not  the  same  as  that  of  either  of  them. 
Thus,  red  and  green  coalesce  to  form  a  kind  of  shot  colour. 
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BOOK  VII. 

ON  MAGNETISM. 


CHAPTER  I. 

PROPERTIES  OF  MAGNETS. 


391.  Natural  and  artificial  magnets.— Natural  magnet,  or 
lodcstone,  is  a  mineral  which  has  the  property  of  attracting  iron 
and  a  few  other  metals,  especially  nickel  and  cobalt.  This  mineral 
is  an  oxide  of  iron,  that  is,  a  compound  of  iron  and  oxygen. 

Lodestone  has  another  property,  which  is  not  less  remarkable, 
namely,  that  when  it  is  balanced  on  a  pivot,  or  suspended  to  a 
thread,  it  points  towards  a  certain  direction  of  the  horizon  ;  by 
which  property  this  mysterious  stone,  which  is  of  a  dull  brown- 
colour,  and  has  no  lustre,  deserves  a  place  above  the  most  valuable 
precious  stones,  for,  like  a  new  Ariadne's  thread,  it  guides  mariners 
in  darkness,  and  enables  them  to  steer  with  the  same  certainty  on 
sea  as  on  a  travelled  road. 

This  lodestone,  or  magnetic  stone,  was  known  to  the  ancients, 
who  called  it  Lydian  stone,  or  Magnesian  stone  ;  for  it  was  first 
found  near  a  village  of  this  name  in  Lydia.  And  from  this  place, 
Magnesia,  the  Greeks  derived  the  name  magnes,  from  which  is 
obtained  the  word  magnetism,  under  which  name  philosophers 
understand  the  whole  of  the  properties  which  magnets  possess. 
Magnetic  iron  ore  is  very  abundant  in  nature  ;  it  is  met  with  in 
the°older  geologica,l  formations,  especially  in  Sweden  and  NorwRV. 
where  it  is  worked  as  an  iron  ore,  and  furnishes  the  best  quality  ot 

iron.  „  J  r 

Besides  natural  there  are  also  artificial  magnets,  so  called  from 
their  being  produced  by  art.  They  are  usually  made  of  steel. 
When  steel  is  tempered,  that  is,  when  it  is  raised  to  a  high  tem- 
perature, and  suddenly  cooled  by  being  immersed  in  cold  water, 
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it  acquires  great  hardness  ;  and  it  is  in  virtue  of  this  property  that 
it  becomes  so  vaUiable  for  cutting  instruments.  Steel  has  not 
naturally  the  power  of  attracting  iron  ;  but  when  it  is  tempered  and 
made  hard  this  property  may  be  imparted  to  it  by  rubbing  it 
with  a  powerful  magnet  ;  and  it  then  becomes  itself  a  magnet. 

Artificial  magnets  have  just  the  same  properties  as  natural  ones; 
but  are  far  more  powerful  and  convenient  ;  they  are,  accordingly, 
generally  used  in  experiments.    They  are  sometimes  made  into 


Fig.  336. 


bars  a  foot  or  two  long,  like  that  represented  in  fig.  336  ;  some- 
times in  a  horseshoe  form  (fig.  -347)  ;  or  lastly,  if  they  are  to  be 
movable,  they  are  cut  out  of  a  thin  sheet  in  the  shape  of  a  lozenge 
as  shown  in  fig.  338.  A  small  agate  cup  is  let  into  the  centre  in 
such  a  manner  that  the  needle  can  rest  on  a  vertical  pivot  and 
oscillate  freely  in  a  vertical  plane.  Thus  arranged,  the  artificial 
magnet  becomes  a  magnetic  needle. 
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392.  Distribution  of  magrnetic  force  in  mag'nets. — The  force 
with  which  a  magnet  attracts  iron  is  not  everywhere  the  same. 
The  greatest  attraction  is  at  the  ends  ;  it  decreases  rapidly  from 
there  towards  the  middle,  where  there  is  no  attraction.  For,  if  a 
magnetised  bar  is  immersed  in  iron  filings,  when  it  is  withdrawn 
the  filings  are  seen  to  adhere  to  the  ends  in  long  and  compact  fila- 
ments (fig.  336),  but  not  a  particle  adheres  to  the  middle. 

The  two  points  near  the  ends  where  the  attraction  is  most 
powerful  are  called  the  poles  of  the  magnet,  and  the  medial  part, 
where  there  is  no  attraction,  is  called  the  7ieictral  line.  All  magnets, 
natural  or  artificial,  have  each  two  poles  and  a  neutral  line.  Some- 
times, besides  the  two  principal  poles,  there  are  observed  inter- 


mediate poles,  which  are  called  consequent  poles.  This  arises 
from  some  inequality  in  the  temper  of  the  steel,  or  in  the  manner 
in  which  the  bar  has  been  magnetised.  We  shall  always  assume 
that  magnets  have  only  two  poles. 

The  action  of  magnets  upon  iron  is  exerted  through  all  bodies 
which  are  not  magnetic.  Thus,  a  magnet  being  placed  on  a  table 
and  a  piece  of  cardboard  rested  upon  it,  iron  filings  are  allowed  to 
fall  through  a  sieve  (fig.  337).  As  the  filings  fall,  acted  upon  by 
the  two  poles,  they  become  arranged  in  long  filaments,  which  group 
themselves  along  curved  lines  from  one  pole  to  the  other  ;  but  over 
the  middle  of  the  magnet  no  action  is  observed,  and  the  filings  arc 
arranged  as  they  would  be  upon  any  other  substance. 
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393.  Iiaws  of  magrnetic  attraction  and  repulsion. — When 
the  two  poles  of  a  magnet  are  compared  as  to  the  action  they  exert 
upon  iron,  they  seem  to  be  completely  identical  ;  this  identity  is, 
however,  only  apparent  :  for,  if  to  the  same  pole  of  a  magnetic 
needle  (tig.  338)  the  two  poles  of  a  bar  magnet  held  in  the  hand  Idb 
successively  presented,  the  curious  phenomenon  is  observed  that, 
if  the  pole  a  of  the  needle  is  atiracted  by  pole  B  of  the  bar,  it  is, 
on  the  contrary,  repelled  by  the  other  pole  of  the  latter  ;  which 
shows  that  the  poles  of  the  bar  are  not  exactly  identical,  for  one 
repels  the  pole  a,  while  the  other  attracts  it.    The  same  difference 


Fig.  338. 


may  be  ascertained  to  exist  between  the  two  poles  of  the  needle 
ab  ;  for  if  the  same  pole,  B,  of  the  bar  be  successively  presented  lo 
the  two  ends  of  the  movable  needle,  in  one  case  there  is  repulsion, 
in  the  other  attraction. 

We  shall  presently  see  that  a  freely  suspended  magnet  always 
sets  with  one  pole  pointing  to  the  north,  and  the  other  towards  the 
south.  The  end  pointing  towards  the  north  is  called  in  this  country 
the  north  pole,  and  the  other  end  is  the  south  pole.  The  end  of 
the  magnetic  needle  pointing  to  the  north  is  sometimes  called  the 
mar/ced  end  of  the  needle.  Hence,  in  reference  to  magnetic  at- 
traction and  repulsion  the  following  law  may  be  enunciated  : 
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Poles  of  the  same  name  repel,  and  poles  of  contrary  name  attract 
one  another. 

The  opposite  actions  of  the  north  and  south  poles  maybe  shown 
by  the  following  experiment  : — A  piece  of  iron,  a  key  for  example, 
is  supported  by  a  magnetised  bar,  A  (fig.  339).  A  second  magnetised 
bar  of  the  same  dimensions,  B,  is  then  moved  along  the  first,  so  that 
their  poles  are  contrary.  The  key  remains  suspended  so  long  as 
the  two  poles  are  at  some  distance,  but  when  they  are  sufficiently 
near,  the  key  drops  just  as  if  the  bar  which  supported  it  had  lost  its 
magnetism.  This,  however,  is  not  the  case,  for  the  key  would  be 
again  supported  if  the  first  magnet  were  presented  to  it  after  the 
removal  of  the  second  bar. 


Fig.  339- 


The  attraction  which  a  magnet  exerts  upon  iron  is  reciprocal, 
as  is  easily  verified  by  presenting  a  mass  of  iron  to  a  movable 
magnet,  when  the  latter  is  attracted. 

394.  Hypotnesis  of  two  mag^netic  fluids. — In  order  to  explain 
the  phenomena  of  magnetism,  the  existence  of  two  hypothetical 
magnetic  fluids  has  been  assumed,  each  of  which  acts  repulsively 
on  itself,  but  attracts  the  other  fluid.  The  fluid  whose  resultant 
effects  predominate  at  the  north  pole  of  the  magnet  is  called  the 
north  or  boreal  fluid,  and  that  at  the  south  pole,  the  sonth  or  austral 
fluid.  Sometimes  the  terms  positive  and  negative  are  employed, 
corresponding  to  the  north  and  south  magnetisms. 

It  is  assumed  that,  before  magnetisation,  these  magnetisms  are 
combined  round  each  molecule,  and  mutually  neutrahse  each  other  : 
they  can  be  separated  by  the  influence  of  a  force  greater  than  that 
of  their  mutual  attraction,  and  can  arrange  themselves  in  a  certain 
definite  position  about  the  molecules  to  which  they  are  attached, 
but  cannot  be  removed  from  them. 

The  hypothesis  of  the  two  fluids  is  convenient  in  explammg 
magnetic  phenomena,  and  will  be  adhered  to  in  what  follows.  But  it 
must  not  be  regarded  as  anything  more  than  an  hypothesis,  and  it 
will  afterwards  be  shown  that  magnetic  phenomena  can  also  be  ex- 
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plained  by  assuming-  that  they  result  from  electrical  currents,  cir- 
culating in  magnetic  bodies. 

395.  Influence  of  magnets  upon  mag-netic  substances. — Mag- 
netic substances  are  substances  containing  the  two  magnetisms,  but 
■in  the  neutral  state,  that  is  to  say,  holding  each  other  in  check  by 
their  reciprocal  action  :  such  substances  are  iron,  steel,  nickel  and 
cobalt.  Magnets  also  contain  the  two  magnetisms,  but  there  is 
between  them  and  magnetic  substances  this  difference  :  that  in 
magnets  the  two  magnetisms  in  each  molecule  are  separated,  and 
each  produces  a  separate  effect  ;  while  in  magnetic  substances  the 
magnetisms  are  combined  and  produce  no  effect. 

A  magnetic  substance  is  readily  distinguished  from  a  magnet. 
The  former  has  no  poles  ;  if  successively  presented  to  the  two  ends 
of  a  magnetic  needle,  ab  (fig.  338),  it  will  attract  both  ends  eciually, 
while  one  end  of  a  magnet  woiild  attract  the  one,  but  repel  the 
other  end  of  the  needle.  Magnetic  substances  also  have  no  action 
on  each  other,  while  magnets  attract  or  repel,  according  as  unlike 
or  like  poles  are  presented  to  each  other. 

When  a  magnetic  substance  is  placed  in  contact  with  the  poles 
of  a  magnet,  the  north 
pole,  for  instance,  this 
acting  attractively  on  the 
south  fluid  of  the  sub- 
stance, and  repelling  the 
north  fluid,  it  follows  that 
in  this  body  a  separation 
of  the  two  fluids  is  effected, 
or,  in  other  words,  a  true 
magnet  is  produced.  For, 
if  any  piece  of  soft  iron, 
an  iron  ring,  for  example,  ^'e-  34°- 

be  presented  to  a  magnetised  bar,  not  merely  is  this  ring  supported, 
but  it  acquires  the  property  of  supporting  the  second  ;  then  this 
second  a  third,  and  so  forth.  Remove  the  bar,  and  the  invisible  link 
which  unites  this  marvellous  chain  is  broken,  and  the  rings  separate. 

This  action  in  virtue  of  which  a  magnet  can  develope  magnetism 
in  iron,  is  called  magnetic  mduction  or  influence,  and  it  can  take 
place  without  actual  contact  between  the  magnet  and  the  iron,  as 
is  seen  in  the  following  experiment.  A  bar  of  soft  iron  is  held  with 
one  end  near  a  magnetic  needle.  If  now  the  north  pole  of  a  magnet 
be  approached  to  the  other  end  of  the  iron  bar  without  touching  it 
the  needle  will  be  attracted  or  repelled,  according  as  its  south  or 
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north  pole  is  near  the  bar.  For  the  north  pole  of  the  magnet  will 
develope  south  magnetism  in  the  end  of  the  bar  nearest  it,  and, 
therefore,  north  magnetism  at  the  other  end,  which  would  thus 
attract  the  south,  but  repel  the  other  end  of  the  needle.  Obviously, 
if  the  other  end  of  the  magnet  were  brought  near  the  iron,  the 
opposite  effects  would  be  produced  on  the  needle. 

Magnetic  induction  explains  the  formation  of  the  tufts  of  iron 
filings  which  become  attached  to  the  poles  of  magnets.  The  parts 
in  contact  with  the  magnet  are  converted  into  magnets  ;  these  act 
inductively  on  the  adjacent  parts,  these  again  on  the  following  ones, 
and  so  on,  producing  a  thread-like  arrangement  of  the  fihngs. 

396.  Coercive  force. — We  have  seen  from  the  above  experi- 
ments, that  soft  iron  becomes  instantaneously  magnetised  under  the 
influence  of  a  magnet,  but  that  this  magnetism  is  not  permanent, 
and  ceases  when  the  magnet  is  removed.  Steel  likewise  becomes 
magnetised  by  contact  with  a  magnet,  but  the  operation  is  effected 
with  difficulty,  and  the  more  so  as  the  steel  is  more  highly  tem- 
pered. Placed  in  contact  with  a  magnet,  a  steel  bar  acquires 
magnetic  properties  very  slowly,  and,  to  make  the  magnetism 
complete,  the  steel  must  be  rubbed  with  one  of  the  poles.  But 
this  magnetism,  once  evoked  in  steel,  is  permanent,  and  does  not 
disappear  when  the  inducing  force  is  removed. 

These  different  effects  in  soft  iron  and  steel  are  ascribed  to  a 
coercive  force,  which,  in  a  magnetic  substance,  offers  a  resistance 
to  the  separation  of  the  two  fluids,  but  which  also  prevents  their 
recombination  when  once  separated.  In' steel  this  coercive  force 
is  very  great,  in  soft  iron  it  is  very  small  or  even  quite  absent. 
By  oxidation,  pressure,  or  torsion,  a  certain  amount,  of  coercive 
force  may  be  imparted  to  soft  iron,  as  will  be  explained  under 
Magnetisation. 


CHAPTER  II. 

TERRESTRIAL  MAGNETISM.  COMPASSES. 

397.  Directive  action  of  the  earth  on  magrnets. — The  power 
of  attracting  iron  filings  is  not  the  only  one  which  magnets  present  : 
they  have  also  that  of  setting  in  a  certain  definite  direction,  when 
they  can  turn  freely  in  a  horizontal  plane.  Thus,  when  a  mag- 
netised needle  is  placed  on  a  pivot  on  which  it  can  turn  freely 
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(fig.  341),  it  ultimately  sets  in  a  position  which  is  more  or  less  north 
and  south.  If  removed  from  this  position,  it  always  returns  to  it 
after  a  certain  number  of  oscillations. 

If,  instead  of  placing  the  needle  on  a  pivot,  it  be  placed  on  a' 
cork,  and  this  in  turn  be  floated  on  water,  the  needle  will  after'  ai 
few  oscillations  come  into  a 
position  which  is  the  same  as 
that  it  had  on  the  pivot,  that 
is,  nearly  north  and  south.  It 
is  important  in  this  second  ex- 
periment to  observe  that  the 
needle  only  sets  in  a  certain 
direction,  and  that,  though  free 
to  make  either  a  forward  or 
a  backward  motion,  it  remains 
in  the  middle  of  the  vessel, 
and  moves  neither  towards  the 
north  nor  the  south  ;  hence 
the  force  which  acts  upon  the 
middle  is  simply  directive,  and 
not  attractive. 

Analogous  observations  have 


Fig.  341- 


been  made  in  different  parts  of  the  globe,  from  which  the  earth 
has  been  compared  to  an  immense  magnet,  whose  poles  are  very 
near  the  terrestrial  poles,  and  whose  neutral  line  virtually  coincides 
with  the  equator. 

The  polarity  in  the  northern  hemisphere  is  called  the  northern 
or  boreal  polarity,  and  that  in  the  southern  hemisphere  X\^q  southern 
or  austral  polarity.  In  French  works  the  end  of  the  needle  point- 
mg  north  is  called  the  atistral  or  sojithern  pole,  and  that  pointing 
to  the  south  the  boreal  or  northern  pole  ;  a  designation  based  on 
this  hypothesis  of  a  terrestrial  magnet,  and  on  the  law  that  unlike 
magnetisms  attract  each  other.  In  practice  it  will  be  found  more 
convenient  to  use  the  English  names,  and  call  that  end  of  the 
magnet  which  points  to  the  north  the  north  pole,  and  that  which 
points  to  the  south  the  south  pole. 

398.  Magnetic  meridian.     Declination.— When  a  mao-netic 
needle  points  towards  the  north,  if  we  conceive  a  plane  ab  pass 
ing  through  its  two  poles,  NS,  this  plane  is  what  is  called  the 
magnetic  7neridian  of  the  place.    The  direction  of  this  plane  does 
not  m  general  coincide  with  the  geographical  meridian  of  the  place 
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which  is  the  imaginary  plane  Jis  passing  through  this  place  and 
through  the  earth's  poles.  The  angle  (fig.  342)  which  the  direction 
ab  of  the  magnetic  needle  NS  makes  with  the  geographical  meridian 
US  is  called  the  declhmtion  of  the  place.  In  other  words,  as  the 
magnet  needle  does  not  exactly  point  to  the  earth's  north,  the  decli- 
natfon  is  the  difference  between  this  direction  and  the  true  north. 
Sometimes  the  north  pole  of  the  needle  is  to  the  west  of  the  me- 
ridian, and  sometimes  it  is  to  the  east.  In  the  former  case  the 
declination  is  said  to  be  easterly,  and  in  the  latter  case  westerly. 

The  declination  of  the  magnetic  needle,  which 
varies  in  different  places,  is  at  present  west  in 
Europe  and  in  Africa,  but  east  in  Asia  and  in 
North  and  South  America.  It  shows  further  con- 
siderable variations  even  in  one  and  the  same 
place. 

Thus,  at  London  the  needle  showed  in  1 580 
an  east  declination  of  11°  36'  ;  in  1663  it  was  at 
zero  ;  from  that  time  it  gradually  tended  towards 
the  west,  reaching  its  maximum  declination  of 
24°  41'  in  1818;  since  then  it  has  steadily  di- 
minished ;  it  was  22°  30'  in  1850,  and  is  now 

(1877)  19°  3' W.  .   .     .    ,  , 

At  Yarmouth  and  Dover  the  variation  is  about 
^,  40'  less  than  at  London  ;  at  Hull  and  South- 

ampton about  20'  greater  ;  at  Newcastle  and  Swansea  about  1°  15', 
and  at  Liverpool  1°  3°',  at  Edinburgh  2°  5',  and  at  Glasgow  and 
Dublin  about  2°  25'  greater  than  at  London. 

Besides  these  variations,  which  are  called  secular  variations,  the 
declination  of  the  magnetic  needle  undergoes  accidental  variations 
known  as  perturbations  or  magnetic  storms  y  these  are  manifested 
durin-  the  occurrence  of  thunder  storms,  of  volcanic  eruptions,  and 
during  the  appearance  of  aurora  borealis.  The  effect  of  the  aurora 
is  fek  at  great  distances.  Auroras  which  are  only  visible  in  the 
north  of  Europe  act  on  the  needle  even  in  these  latitudes.  In  polar 
reo-ions  the  needle  frequently  oscillates  several  degrees;  its  irre- 
gularity on  the  day  before  the  aurora  borealis  is  a  forecast  of  the 
occurrence  of  this  phenomenon. 

399.  Mariner's  compass.-The  magnetic  action  of  the  earth 
has  received  a  most  important  application  in  the  marine.^s  compass. 
This  is  a  declination  compass  used  in  guiding  the  course  of  a  ship 
Fi-  343  represents  it  in  about  half  its  ordinary  size.    At  the 
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bottom  of  a  wood  or  metal  box  is  drawn  a  star  or  7-ose,  with  sixteen 
branches,  representing  the  points  of  the  compass.  On  the  contour 
of  the  box  is  a  graduated  circle,  the  zero  of  which  is  on  the  line 
NS,  which  maries  the  direction  from  north  to  south.  In  the  centre 
of  the  box,  finally,  is  a  steel  pivot,  on  which  rests  a  very  mobile 
magnetic, needle. 

When  the  geographical  m^-idian  is  known,  the  declination  is 
easily  determined  by  means  of  the  compass.  It  need  only  be 
turned  until  the  line  NS  is  exactly  in  the  direction  of  the  geographical 
meridian  of  the  place.    The  point  at  which  the  needle  stops  marks 


Fig.  343- 

the  declination.  If,  on  the  contrary,  the  declination  is  known,  and 
the  geographical  meridian  is  desired,  the  compass  is  turned  until  the 
needle  deviates  from  the  line  N.S  by  a  quantity  equal  to  the  decli- 
nation, and  in  the  same  direction,  that  is  to  say,  to  the  east  it 
the  declination  is  easterly,  and  to  the  west  if  it  is  westerly  •  the 
hne  NS  prolonged  represents  the  direction  of  the  geoffranhiral 
meridian.  o    &    r  ^ai 

Neither  the  inventor  of  the  compass,  nor  the  exact  time  of  its 
mvention  is  known.  Guyot  de  Provins,  a  French  poet  of  the 
twelfth  century,  first  mentions  the  use  of  the  magnet  in  navigation 
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though  it  is  probable  that  the  Chinese  long  before  this  had  used 
it.  The  ancient  navigators,  who  were  unacquainted  with  the  com- 
pass, had  only  the  sun  or  pole-star  as  a  guide,  and  were  accord- 
ingly compelled  to  keep  constantly  in  sight  of  land,  for  fear  of 
steering  in  a  wrong  direction  when  the  sky  was  clouded.  But 
guided  by  the  indications  of  the  compass,  which  are  disturbed 
neither  by  darkness  nor  by  the  most  violent  tempests,  they  can 
pursue  their  true  route  by  night  as  well  as  by  day. 

The  compass  is  also  used  by  miners  to  direct  them  in  the 
excavation  of  subterranean  passages. 

400.  Inclination  compass.— When  a  steel  needle  supported  on 

a  vertical  pivot,  as  represented  in  fig. 
344,  has  been  so  accurately  balanced 
that  it  is  quite  horizontal  before  mas;net- 
isation,  it  is  observed  that  when  it  is 
magnetised  it  ceases  to  retain  its  hori- 
zontal position,  and  the  north  pole  dips 
downward.  When  this  phenomenon 
was  first  observed,  it  was  ascribed  to  a 
defect  of  construction,  but  the  regu- 
larity with  which  it  occurred  proved 
that  it  must  be  ascribed  to  the  directive 
action  of  the  earth. 

In  order  to  observe  this  phenome- 
non, the  mode  of  suspension  is  modi- 
fied, and  it  is  fixed  to  a  horizontal 
axis,  so  that  it  can  move  in  a  vertical 
plane,  as  represented  in  fig.  344-  The 
angle  it  forms  is  read  off  on  the  divided 
circle. 

Thus  arranged,  the  apparatus  is 
called  the  Vedination  compass,  or  dipping  needle,  and  the  angle 
which  the  needle  makes  with  the  horizon  when  it  is  placed  so  that 
its  plane  of  oscillation  is  in  the  magnetic  meridian,  is  called  the 
magnetic  inclination  or  dip.  .  ■  A-r 

The  value  of  the  dip,  like  that  of  the  dechnation,  differs  m  dif- 
ferent localities.  It  is  greatest  in  the  polar  regions,  and  decreases 
ith  the  latitude  towards  the  equator,  where  there  is  a  series  of 
po  nts  at  which  it  is  zero  -,  that  is,  at  which  the  needle  is  horizontal. 
The  1  ne  joining  these  parts  is  called  the  terrestrial  n,agnetu  egua- 
tor    In  London  at  the  present  time  (.877)  the  dip  is  67°  37',  reckon- 


Fig.  344- 
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ing  from  the  horizontal  line.  In  the  southern  hemisphere  the  incli- 
nation is  again  seen,  but  in  a  contrary  direction  ;  that  is,  the  south 
pole  of  the  needle  dips  below  the  horizontal  line. 

The  terrestrial  magnetic  poles  are  those  places  in  which  the 
dipping  needle  stands  vertical  ;  that  is,  where  the  inclination  is  90°. 
In  1830  the  first  of  these,  the  terrestrial  north  pole,  was  found  by 
Sir  James  Ross,  in  96°  43'  west  longitude  and  70°  north  latitude. 
The  same  observer  found  in  the  South  Sea,  in  76°  south  latitude 
and  168°  east  longitude,  that  the  inchnation  was  88°  37'.  From 
this  and  other  observations,  it  has  been  calculated  that  the  position 
of  the  magnetic  south  pole  was  at  that  time  in  about  1 54°  east 
longitude  and  75^°  south  latitude. 

Lines  connecting  places  in  which  the  dipping  needle  makes 
equal  angles  are  called  isoclinic  lines. 

The  inchnation  is  subject  to  secular  variations,  like  the  dechna- 
tion.  At  Paris,  in  1671,  the  inchnation  was  75°  ;  since  then  it  has 
been  continually  decreasing,  and  in  1859  was  66°  14'.  In  London 
also  the  dip  has  continually  diminished  since  1720  by  about  2-6' 
per  annum.  In  1821  it  was  70°  3';  in  1838,  69°  17';  in  1854  it 
was  68°  31'  ;  in  1859  it  was  68°  21';  it  is  now  (1877)  67°  37'.  It 
is  also  subject  to  slight  annual  and  diurnal  variations  ;  being,  ac- 
cording to  Hansteen,  about  15' greater  in  summer  than  in  winter, 
and  4'  or  5'  greater  before  noon  than  after. 


CHAPTER  III. 
METHODS  OF  MAGNETISATION. 

401.  nxagrnetisation  by   the  influence  of  the    earth. — To 

magnetise  a  substance  is  to  impart  to  it  the  magnetic  properties  of 
attracting  particles  of  iron,  and  of  turning  towards  the  north. 
Magnetisation  can  be  produced  slowly  by  the  influence  of  the  earth, 
or  more  rapidly  by  rubbing  with  a  magnet  ;  or  by  means  of  elec- 
tricity, in  which  case  the  magnetisation  is  almost  instantaneous. 

The  magnetic  action  of  the  globe  is  powerful  enough  to  act  as  a 
source  of  magnetisation.  This  may  be  illustrated  by  taking  an  iron 
rod,  and  placing  it  in  the  magnetic  meridian,  so  that  it  makes  an 
angle  equal  to  the  angle  of  dip.  In  this  position  the  earth's  mag- 
netism, acting  by  induction  on  the  rod,  decomposes  the  two  ma^- 
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netisms,  and  converts  the  lower  end  into  a  north  pole,  and  the 
upper  into  a  south  pole.  Yet  this  magnetisation  is  not  permanent, 
for  if  the  rod  be  turned  upside  down,  the  poles  are  inverted,  since 
pure  soft  iron  is  destitute  of  coercive  force.  But,  if  while  the  rod 
is  in  the  above  position,  it  be  hammered,  or  twisted,  the  hammering 
or  the  twisting  imparts  to  it  a  certain  amount  of  coercive  force,  and 
it  retains  for  some  time  the  magnetisation  evoked  thus.  If  several 
rods  thus  magnetised  are  united  so  that  poles  of  the  same  name 
are  together,  a  tolerably  powerful  magnet  is  obtained. 

It  is  this  magnetising  action  of  the  earth  which  developes  the 
magnetism  frequently  observed  in  steel  and  iron  utensils,  such  as 


Fig.  345- 


fire-irons,  railings,  lightning  conductors,  lamp-posts,  etc.,  ^vh.ch 
remain  for  some  time  in  a  more  or  less  inchned  position  Ihey 
become  magnetised  with  the  north  pole  downward,  just  as  if  placed 
over  the  pole  of  a  powerful  magnet.  The  magnetism  of  native 
oKide  of  iron  has  doubtless  been  produced  by  the  same  causes  : 
the  very  different  magnetic  power  of  different  specimens  being 
partly  attributable  to  the  different  positions  of  the  veins  of  ore 
with  regard  to  the  line  of  dip.  The  ordinary  irons  of  commerce 
are  not  quite  pure,  and  possess  a  feeble  coercive  force  ;  hence  a 
feeble  magnetic  polarity  is  generally  found  to  be  possessed  by  the 
tools  in  a  smith's  shop.  Cast  iron,  too,  has  usually  a  great  coercive 
force,  and  can  be  pernjanently  magnetised. 
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The  turnings,  also,  of  wrought  iron  and  of  steel  produced  by  the 
powerful  lathes  of  our  ironworks  are  found  to  be  magnetised. 

Magnetisation  by  magnets.  In  magnetising  bar  magnets,  and 
especially  magnetic  needles,  the  method  generally  adopted  is  to  rub 
them  with  powerful  magnets.  This  principle  is  applied  in  the 
methods  of  what  are  called  single,  separate,  and  double  touch. 

The  method  of  single  touch  (fig.  345),  consists  in  moving  one  ' 
pole  of  a  powerful  magnet  from  one  end  to  the  other  of  the  bar  to 
be  magnetised,  and  repeating  this  operation  several  times,  always 


Fig.  346. 


in  the  same  direction.  The  neutral  magnetism  is  thus  gradually 
decomposed  throughout  all  the  length  of  the  bar,  and  that  end  of 
the  bar  which  was  touched  last  by  the  magnet  is  of  opposite  po- 
larity to  the  end  of  the  magnet  by  which  it  has  been  touched.  This 
method  only  produces  a  feeble  magnetic  power,  and  is,  accordingly, 
only  used  for  small  magnets.  It  has  further  the  disadvantage  of 
frequently  developing  intermediate  poles  (392). 

In  the  method  of  separate  touch  the  steel  bar  is  rubbed  sepa- 
rately with  the  contrary  poles  of  two  magnets,  proceeding  in  oppo- 
site directions  from  the  centre  towards  the  ends. 

M agnetisation  by  double  touch.  In  this  method  the  two  magnets 
are  placed  with  their  poles  opposite  each  other  in  the  middle  of  the 
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bar  to  be  magnetised.  But,  instead  of  moving  them  in  opposite 
directions  towards  the  two  ends,  as  in  the  method  of  separate 
touch,  they  are  kept  at  a  fixed  distance  by  means  of  a  piece  of  wood 
placed  between  them  (fig.  346),  and  are  simultaneously  moved  first 
towards  one  end,  then  from  this  to  the  other  end,  repeating  this 

operation  several  times,  and  finishing 
in  the  middle,  taking  care  that  each 
half  of  the  bar  receives  the  same 
number  of  frictions. 

Magnetisation  by  means  of  electri- 
cal currents  (490)  is  the  most  powerful 
means  of  imparting  magnetism,  and  is 
the  one  generally  used  for  large  mag- 
nets, whether  bar  or  horse-shoe. 

402.  Magnetic  batteries.  Arma- 
tures.—Magnetic  battery,  or  maga- 
zine, is  the  name  given  to  a  system  of 
bars  joined  with  their  similar  poles 
together.  Sometimes  the  bars  are 
straight,  as  represented  in  figs.  345  and 
346,  and  sometimes  they  are  curved, 
as  in  fig.  347,  which  represents  a  horse- 
shoe battery. 

Magnets,  whether  natural  or  arti- 
ficial, would  soon  lose  their  power  if 
they  were  left  to  themselves,  and  they 
must  therefore  be  provided  with  arma- 
tures. These  names  are  given  to 
pieces  of  soft  iron  which  are  placed 
in  contact  with  the  poles,  such  as  the 
piece,  ab,  in  fig.  347-  The  two  poles 
p.  of  the  magnet  acting  inductively  on 

this  piece  prodice  in  it  at  «  a  north  pole,  and  at  b  a  south  pole,  and 
these  two  poles  thus  produced  react  in  turn  upon  the  magnetised 
bar,  and  by  preventing  the  recomposition  of  its  two  fltuds  cause  .t 
to  retain  its  force.  The  piece,  ab,  is  also  called  the  keeper  ;  to  ,t  is 
suspended  the  weights  which  the  magnet  is  intended  to  support. 
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BOOK  VIII. 

FRICTIONAL  ELECTRICITY. 


CHAPTER  I. 

FUNDAMENTAL  PRINCIPLES. 

403.  Electricity.  Its  nature.— Electricity  is  a  powerful  physi- 
cal agent  which  manifests  itself  mainly  by  attractions  and  repulsions, 
but  also  by  luminous  and  heating  effects,  by  violent  shocks,  by  che- 
mical decompositions,  and  many  other  phenomena.  U  nlike  gravity, 
it  is  not  inherent  in  bodies,  but  is  evoked  in  them  by  a  variety  of 
causes,  among  which  are  friction,  pressure,  chemical  action,  heat, 
and  magnetism. 

Thaïes,  one  of  the  Greek  sages,  600  B.c.,  knew  that  when  amber 
was  rubbed  with  silk  it  acquired  the  property  of  attracting  light 
bodies,  such  as  feathers,  pieces  of  straw,  etc.,  and  from  the  Greek 
form  of  this  word  (fjXeia-pov,  electron)  the  term  electricity  has  been 
derived.  Six  centuries  after  it  was  found,  Pliny,  the  celebrated 
Roman  naturalist,  writes,  '  When  the  friction  of  the  fingers  has 
imparted  to  it  heat  and  life,  it  attracts  pieces  of  straw  as  a  magnet 
attracts  particles  of  iron.'  This  is  neai-ly  all  the  knowledge  left  by 
the  ancients  ;  it  was  not  until  towards  the  end  of  the  sixteenth 
century  that  Dr.  Gilbert,  physician  to  Queen  Elizabeth,  called 
attention  to  this  property  of  amber,  and  showed  that  it  was  not 
limited  to  amber,  but  that  other  bodies,  such  as  sulphur,  wax,  glass, 
etc.,  also  acquired  the  property  of  attracting  light  bodies  when  they 
are  rubbed  or  struck  with  flannel  or  with  cat-skin. 

To  repeat  this  experiment,  a  glass  rod,  or  a  stick  of  sealing-wax  . 
or  shellac,  is  held  in  the  hand,  and  rubbed  with  a  piece  of  flannel, 
or  with  the  skin  of  a  cat  ;  it  is  then  found  that  the  parts  rubbed  have 
the  property  of  attracting  light  bodies,  such  as  pieces  of  silk,  wool, 


426 


Frictional  Electricity. 


[403- 


feathers,  paper,  bran,  gold  leaf,  etc.,  which,  after  remaining  a  short 
time  in  contact,  are  again  repelled  (fig.  348).  Not  only  have  the 
substances  thus  rubbed  the  property  of  attracting  light  particles, 
but  they  also  become  luminous  in  the  dark  ;  they  give  sparks,  and 


teenth  and  nineteenth  centuries  has  been  extremely  rapid.  In  the 
last  seventy  or  eighty  years,  more  especially,  the  new  facts  dis- 
covered have  been  so  numerous  and  remarkable,  their  application 
so  curious  and  important,  that  electricity  has  been  compared  to  a 
kind  of  fairy,  of  whom  it  was  only  necessary  to  ask  miracles,  to 
have  them  rea:lised. 

404.  Sources  of  electricity. — The  causes  which  develop  elec- 
tricity are  numerous  ;  they  may  be  divided  into  mechanical,  physi- 
cal, and  chemical  sources. 

The  mechanical  sources  are  friction,  pressure,  and  cleavage. 
Thus,  when  a  piece  of  sugar  is  broken  in  the  dark,  a  feeble  lumi- 
nosity is  seen,  due  to  the  electricity  produced.  Cleavage  is  also  a 
source  of  electricity  ;  if  a  plate  of  mica  be  rapidly  split  in  the  dark, 
a  slight  phosphorescence  is  perceived. 

The  physical  sources  are  variations  in  temperature:  these  effects 
are  observed  in  some  minerals,  and  more  especially  in  tourmaline, 
which  exhibits  electrical  properties  when  either  heated  or  cooled. 

Lastly,  the  chemical  sources  are  the  combinations  and  the  de- 
compositions of  bodies.  Thus,  most  metals,  like  zinc,  iron,  copper, 
when  placed  in  an  acid  are  dissolved,  and  unite  with  the  acid  to 
form  salts.  Noav  during  these  combinations  considerable  quanti- 
ties of  electricity  are  developed  ;  the  same  is  the  case  with  chemical 
decomposition  ;  that  is,  when  compound  bodies  are  separated  into 
their  elements. 

The  most  powerful  sources  of  electricity  are  friction  and  chemi- 


present  a  number  of 
phenomena,  the  cause 
of  which  is  described 
under  the  general  term 
electricity,  the  deriva- 
tion of  which  has  al- 
ready been  given. 


Fig.  348- 


However  slow  the 
progress  of  the  science 
of  electricity  in  ancient 
times  and  in  the 
Middle  Ages,  its  pro- 
gress during  the  eigh- 
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cal  action.  We  shall  first  of  all  study  the  influence  of  the  first 
cause  ;  and  shall  subsequently  investigate  the  latter  under  the  name 
of  Voltaic  Electricity. 

405.  Electroscopes.  Electrical  pendulum.— In  order  to  as- 
certain whether  bodies  are  electrified  or  not,  instruments  called 
electroscopes  are  used.  The  simplest  of  these,  the  electric  pendulum 
(fig-  349)>  consists  of  a  small  pith  ball  attached  by  means  of  a  silk 
thread  to  a  brass  rod  resting  on  a  glass  support.  To  ascertain 
whether  a  body  is  electrified  or  not,  it  need  only  be  presented  to  an 
electrical  pendulum  ;  in  the  first  case  there  is  attraction,  while  in 
the  second  case  there  is  not.  Yet  the  electrical  pendulum  would 
not  be  affected  by  a  body  very  feebly  charged  with  electricity. 


Fig.  349'  •     Fig.  350. 


More  complicated  and  more  delicate  apparatus  must  then  be  had 
recourse  to,  which  will  be  described  afterwards  (419,  435)- 

406.  Distinction  of  the  two  kinds  of  electricity. — If  electri- 
city be  developed  on  a  glass  rod  by  friction  with  sillr,  and  the  rod 
be  brought  near  an  electrical  pendulum  (fig.  349),  the  ball  will  be 
attracted  to  the  glass,  and  after  momentary  contact  will  be  again 
repelled.  By  this  contact  the  ball  becomes  electrified,  and  so  long 
as  the  two  bodies  retain  their  electricity,  repulsion  follows  when 
they  are  brought  near  each  other.  If  a  stick  of  sealing  wax,  elec- 
trified by  friction  with  flannel  or  skin,  be  approached  to  another 
electrical  pendulum,  the  same  effects  will  be  produced,  the  ball  will 
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fly  towards  the  wax,  and  after  contact  will  be  repelled.  Two  bodies, 
which  have  been  charged  with  the  same  electricity,  repel  one  another. 
But  the  electricities,  respectively  developed  in  the  preceding  cases, 
are  not  the  same.  If,  after  the  pith  ball  has  been  touched  with  an 
electrified  glass  rod,  an  electrified  stick  of  seahng  wax,  and  then 
an  electrified  glass  rod,  be  alternately  approached  to  it,  the  pith  ball 
will  be  attracted  by  the  former  and  repettcd  by  the  latter.  Similarly, 
if  the  pendulum  be  charged  by  contact  with  electrified  sealing  wax, 
it  will  be  repetled  when  this  is  approached  to  it,  but  attracted  by 
the  approach  of  the  electrically  excited  glass  rod  (fig.  350). 

On  experiments  of  this  nature,  Dufay  first  made  the  observation 
that  there  are  two  different  electricities  ;  the  one  developed  by 
the  friction  of  glass,  the  other  by  the  friction  of  resin  or  shellac. 
To  the  first  the  name  vitreous  electricity  is  given  ;  to  the  second 
the  name  resinous  electricity. 

407.  Hypothesis  of  two  electrical  fluids. — Notwithstanding 
the  great  importance  and  interest  of  the  numerous  electrical  pheno- 
mena we  are  still  ignorant  of  their  real  cause.  Various  hypotheses 
have  been  made  to  account  for  them.  The  most  convenient, 
perhaps,  is  that  which  was,  propounded  by  Symmer,  an  English 
physicist. 

Symmer's  theory  assumes  that  every  body  contains  an  indefinite 
quantity  of  a  subtile  imponderable  matter,  which  is  called  the 
electrical  fluid.  This  fluid  is  formed  by  the  union  of  two  fluids — 
the  positive  and  the  negative.  When  they  are  combined  they 
neutralise  one  another,  and  the  body  is  then  in  the  natural  or 
neutral  state.  By  friction,  by  chemical  action,  and  by  several  other 
means,  this  neutral  fluid  may  be  decomposed  and  the  two  fluids 
separated,  but  one  of  them  can  never  be  excited  without  a  simul- 
taneous production  of  the  other.  There  may,  however,  be  a  greater 
or  less  excess  of  the  one  or  the  other  in  any  body,  and  it  is  then 
said  to  be  eleciv'AeA positively  or  negatively.  The  two  fluids  were 
formerly  called  vitreous  and  resinous,  but  these  have  given  place 
to  the  terms  positive  and  negative  fluids,  to  which  they  respectively 
correspond,  and  which  were  first  used  by  Franklin.  This  distinction 
is  merely  conventional  ;  it  is  adopted  for  the  sake  of  convenience, 
and  there  is  no  other  reason  why  resinous  electricity  should  not 
be  called  positive  electricity. 

Electricities  of  the  same  kind  repel  one  another,  and  electricities 
of  opposite  kinds  attract  each  other.  The  electricities  can  circulate 
freely  on  the  surface  of  certain  bodies,  which  are  called  conductors, 
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but  remain  confined  to  certain  parts  of  others,  which  are  called 
nonconductors  (410). 

As  has  been  already  said,  this  theory  is  quite  hypothetical  ;  but 
its  general  adoption  is  justified  by  the  convenient  explanation  which 
it  gives  of  electrical  phenomena. 

40S.  Xiaws  of  electrical  attraction  and  repulsion. — Adopting 
this  two-fluid  theory,  the  qualitative  and  quantitative  laws  of 
electrical  attraction  and  repulsion  may  be  stated  as  follows  : 

I.  T1U0  bodies  charged  with  the  sajne  electricity  repel  each  other j 
.two  bodies  charged  with  opposite  electricities  attract  each  other. 

II.  The  repulsions  or  attractions  between  two  elect rijied  bodies 
are  in  the  inverse  ratio  of  the  square  of  their  distances.  That  is  to 
say,  that  if  two  bodies  be  charged  to  a  certain  extent  with  elec- 
tricity, they  will  attract  or  repel  each  other  with  a  certain  force, 
according  as  the  electricities  are  different  or  are  the  same  ;  if  now 
the  distance  between  them  be  increased  to  twice  or  thrice  the 
original  amount,  the  attraction  or  repulsion  will  be  one-fourth  or 
one-ninth  of  what  it  was  originally. 

III.  The  distance  remaining  the  same,  the  force  of  attraction  or 
repulsion  between  two  electrified  bodies  is  directly  as  the  product  of 
the  quantities  of  electricity,  with  which  they  are  chaiged.  Thus  if 
the  quantity  of  electricity  with  which  a  body  is  charged  be  twice  or 
thrice  its  original  amount,  it  will  have  twice  or  three  times  the 
attractive  or  repulsive  force. 

The  first  of  these  laws  follows  from  the  experiment  described 
above  (406)  ;  the  second  or  third  were  first  stated  by  Coulomb, 
and  may  be  demonstrated  by  an  apparatus  which  he  devised,  which 
is  known  as  Coulotnb's  balatice. 

409.  Coulomb's  balance. — Represented  in  fig.  351,  this  appa- 
ratus consists  of  a  cylindrical  glass  case  closed  at  the  top  by  a 
plate  of  the  same  material.  In  this  is  an  aperture  on  which  is 
a  glass  support,  d.  This  is  not  rigidly  fixed,  but  can  be  turned 
round.  At  the  top  of  this  tube  is  a  brass  cap,  consisting  of  two 
pieces— one  b,  which  is  rigidly  fixed  to  the  tube,  d,  and  the  other 
fitting  in  the  first  like  a  socket,  so  that  it  can  be  turned  by  the 
button,  t.  On  kiss,  scale  e,  graduated  in  360  degrees,  and  turning 
with  it  ;  bis  provided  with  a  fixed  index,  a,  which  shows  by  how 
many  degrees  the  disc  is  turned. 

To  the  disc  is  fixed  a  very  fine  silver  wire,  to  which  is  suspended 
a  shellac  thread,/,  terminated  at  one  end  by  a  small  disc  of  thin 
metal  foil,  «.    In  the  cover.  A,  near  the  edge,  is  a  second  aperture 
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through  which  can  be  passed  a  glass  rod,  i,  with  a  wooden  handle, 
;',  at  one  end,  and  terminating  in  a  brass  ball,  in.  A  scale  of  360 
degrees  is  fixed  on  the  cage,  opposite  the  zero  of  which  is  the 
ball,  III. 

In  experimenting  with  this  apparatus  the  air  is  dried  by  placing 
in  the  cage  some  chloride  of  calcium,  which  is  a  highly  hygroscopic 
substance.  To  establish  the  second  law,  that  electrical  attractions 
vary  inversely  as  the  square  of  the  distance,  the  disc,  c,  is  first 
turned  until  its  zero  corresponds  to  the  mark,  a  ;  the  tube,  d,  and 
the  whole  cap,  k,  is  slowly  turned,  until,  the  silver  thread  being 


Fig.  351. 

destitute  of  torsion,  and  the  needle,  p,  at  rest,  the  latter  corre- 
sponds to  the  zero  of  the  graduated  circle  :  the  knob,  m,  is  in  the 
same  position,  and  thus  presses  against  n.  The  knob,  is  then 
removed  and  electrified,  and  replaced  in  the  apparatus,  through 
the  aperture,  r.  As  soon  as  the  electrified  knob,  in,  touches  ;/,  the 
latter  becomes  electrified,  and  is  repelled,  and  after  a  few  oscilla- 
tions comes  to  rest,  at  ten  degrees,  for  instance  ;  the  resistance  of 
the  wire  to  further  torsion  then  just  balances  the  force  of  repulsion. 
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As  the  arc  of  ten  degrees  is  virtually  the  same  as  its  chord,  the 
number  ten  may  be  regarded  as  representing  the  distance  of  vi  and 
n.  If  the  cap,  e,  is  turned  from  left  to  right  in  the  figure,  it  is  found 
that,  to  reduce  the  distance  to  five  degrees,  it  must  be  turned  through 
thirty-five  degrees.  The  wire  is  thus  twisted  through  thirty-five 
degrees  at  the  top  and  through  five  at  the  bottom  ;  its  total 
torsion  is  forty  degrees,  that  is  to  say,  four  times  as  much  as  it 
was  at  first.  Hence  at  the  distance  five  the  repulsion  is  four 
times  as  great  as  at  the  distance  ten  ;  for  it  is  a  known  law,  that 
the  angle  of  torsion  is  proportional  to  the  force  of  torsion.  It  may 
be  shown  in  the  same  manner  that,  to  make  the  distance  from  in  to 
71  one-third  what  it  was,  the  total  torsion  must  be  ninety  degrees, 
that  is,  nine  times  as  great  ;  the  second  law  is  thus  thereby  proved. 

In  order  to  prove  that  attractions  and  repulsions  between  electri- 
fied bodies  are  proportional  to  the  quantities  of  electricity  which 
each  of  them  possesses,  the  ball,  is  again  electrified  and  placed 
in  the  cage  ;  after  contact  it  repels  the  disc,  «,  through  a  distance 
of,  let  us  say,  twelve  degrees.  The  ball,  vi,  is  now  withdrawn  and 
placed  in  contact  with  a  second  brass  ball  of  the  same  diameter, 
but  insulated  and  unelectrified.  As  the  electricity  is  equally  dis- 
tributed over  both  balls,  the  ball,  in,  loses  half  its  electricity,  and 
on  again  placing  it  in  the  cage,  the  repulsion  which  was  twelve 
degrees  is  now  only  six,  thereby  verifying  the  third  law. 

410.  Conductors  and  nonconductors. — When  a  glass  rod, 
rubbed  at  one  end,  is  brought  near  an  electroscope,  that  part  only 
will  be  electrified  which  has  been  rubbed  ;  the  other  end  will  pro- 
duce neither  attraction  nor  repulsion.  The  same  is  the  case  with 
a  rod  of  shellac  or  of  sealing  wax.  In  these  bodies  electricity  does 
not  pass  from  one  part  to  the  other — they  do  not  conduct  electricity. 
Experiment  shows  that  when  a  metal  has  received  electricity  in 
any  of  its  parts,  the  electricity  instantly  spreads  throughout  its 
entire  surface.  Metals  are  hence  said  to  be  good  conductors  of 
electricity. 

Bodies  have,  accordingly,  been  divided  into  conductors  and  Jion- 
co7iductors.  This  distinction  is  not  absolute,  and  we  may  advan- 
tageously consider  all  bodies  as  offering  a  resistance  to  the  passage 
of  electricity  which  varies  with  the  nature  of  the  substance.  Those 
bodies  which  offer  little  resistance  are  then  conductors,  and  those 
which  offer  great  resistance  are  nonconductors  or  insutators  :  elec- 
trical conductivity  is  thus  the  inverse  of  electrical  resistatice.  We 
arc  to  consider  that  between  conductors  and  nonconductors  there 


432 


Frictional  Electricity. 


[410- 


Conductors.  Seinico7iductors. 
Metals.  Alcohol  and  ether. 


Graphite. 

Acids. 

Water. 

Snow. 

Vegetables. 

Animals. 


Powdered  glass. 
Dry  wood. 


is  a  qiimitilative  and  not  a  qualitative  difference  ;  there  is  no  con- 
ductor so  good  but  that  it  offers  some  resistance  to  the  passage  of 
electricity,  nor  is  there  any  substance  which  insulates  so  completely 
but  that  it  allows  some  electricity  to  pass.  The  transition  from 
conductors  to  nonconductors  is  gradual,  and  no  sharp  line  of  de- 
marcation can  be  drawn  between  them. 

In  this  sense  we  must  understand  the  following  table  in  which 
bodies  are  classed  as  conductors,  semiconductors,  and  noncon- 
ductors ;  those  bodies  being  conveniently  designated  as  conductors 
which,  when  applied  to  a  electroscope  charged  with  either  kind 
of  electricity,  discharge  it  almost  instantaneously  ;  semiconductors 
being  those  which  discharge  it  in  a  short  but  measurable  time,  a 
few  seconds,  for  instance  :  while  nonconductors  effect  no  perceptible 
discharge,  even  in  the  course  of  a  minute. 

Nonconductors. 

Dry  oxides. 
Air  and  dry  gases. 
Dry  paper. 
Silk. 

Diamond  and  precious  stones. 
Caoutchouc. 
Glass. 
Sulphur. 
Resins. 

411.  Insulating  bodies.  Common  reservoir.  Electrification 
of  conductors.— Bad  conductors  are  called  insulators,  for  they  are 
used  as  supports  for  bodies  in  which  electricity  is  to  be  retained. 
A  conductor  remains  electrified  only  so  long  as  it  is  surrounded  by 
insulators.  If  this  were  not  the  case,  as  soon  as  the  electrified 
body  came  in  contact  with  the  earth,  which  is  a  good  conductor, 
the  electricity  would  pass  into  the  earth,  and  diffuse  itself  through 
its  whole  extent.  On  this  account,  the  earth  has  been  named  the 
common  reservoir.  A  body  is  insulated  by  being  placed  on  a 
support  with  glass  feet,  or  on  a  resinous  cake,  or  by  bemg  sus- 
pended by  silk  threads.  No  bodies,  however,  insulate  perfectly  :  all 
electrified  bodies  lose  their  electricity  more  or  less  rapidly  by 
means  of  the  supports  on  which  they  rest.  Glass  is  in  itself  a  veiy 
perfect  insulator,  but  it  is  always  somewhat  hygroscopic,  and  the 
aqueous  vapour  which  condenses  on  it  affords  a  passage  for  the 
electricity  ;  the  insulating  power  of  glass  is  materially  improved  by 
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coating  it  with  shellac  or  copal  varnish.  Dry  air  is  a  good  insula- 
tor ;  but,  when  the  air  contains  moisture,  it  conducts  electricity, 
and  this  is  the  principal  source  of  the  loss  of  electricity. 

It  is  owing  to  their  great  conductivity,  that  metals  do  not  be- 
come electrified  by  friction.  But  if  they  are  insulated,  and  then 
rubbed,  they  give  good  indications.  This  may  be  seen  by  the 
following  experiment.  A  brass  tube  is  provided  .with  a  glass  handle, 
by  which  it  is  held,  and  it  is  then  rubbed  with  dry  silk  or  flannel. 
On  approaching  the  metal  to  the  electrical  pendulum  (fig.  349),  the 
pith  ball  will  be  attracted.  If  the  metal  is  held  in  the  hand  elec- 
tricity is  indeed  produced  by  friction,  but  it  immediately  passes 
through  the  body  into  the  ground. 

Electrifying  by  contact  is  due  to  conductivity.  For  when  an 
insulated  conductor  in  the  neutral  state  is  made  to  touch  an  elec- 
trified conductor,  a  portion  of  the  latter  passes  instantaneously  to 
the  former.  If  the  two  bodies  have  the  same  surface,  and  the  same 
shape,  for  instance,  two  spheres  of  the  same  diameter,  the  electricity 
is  equally  distributed  on  the  two  ;  but  if  the  bodies  differ  in  shape 
or  surface  the  electricity  is  unequally  distributed. 

412.  £aw  of  the  development  of  electricity  by  friction. — - 
Whenever  two  bodies  are  rubbed  together,  the  neutral  fluid  is  de- 
composed. The  two  electricities  are  developed  at  the  same  time 
and  in  equal  quantities — one  body  takes  the  positive,  and  the  other 
the  negative  fluid.  This  may  be  proved  by  the  following  simple 
experiment  devised  by  Faraday  : — A  small  flannel  cap  provided 
with  a  silk  thread  is  fitted  on  the  end  of  a  stout  rod  of  shellac,  and 
rubbed  round  a  few  times.  When  the  cap  is  removed  by  means  of 
a  silk  thread,  and  presented  to  a  pith  ball  pendulum  charged  with 
positive  electricity,  the  latter  will  be  repelled,  proving  that  the 
flannel  is  charged  with  positive  electricity  ;  while,  if  the  shellac  is 
pj-esented  to  a  pith  ball,  it  will  be  attracted,  showing  that  the 
shellac  is  charged  with  negative  electricity.  Both  electricities  are 
present  in  equal  quantities  ;  for  if  the  rod  be  presented  to  the  elec- 
troscope before  removing  the  cap,  no  action  is  observed. 

The  electricity  developed  on  a  body  by  friction  depends  on  the 
body  rubbed.  Thus  glass  becomes  negatively  electrified  when 
rubbed  with  catskin,  but  positively  when  rubbed  with  silk.  In 
the  following  list  the  substances  are  arranged  in  such  an  order,  that 
each  becomes  positively  electrified  when  rubbed  with  any  of  the 
bodies  following,  but  negatively  when  rubbed  with  any  of  those 
which  precede  it. 

F  F 
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1.  Catskin. 

2.  Flannel. 

3.  Glass. 

4.  Silk. 

5.  The  hand. 

6.  Wood. 


7.  Metals. 

8.  Caoutchouc. 

9.  Resin. 

10.  Sulphur. 

11.  Gutta  percha. 

12.  Glin-cotton. 


413.  Accumulation  of  electricity  on  the  surface  of  bodies. — 

Numerous  experiments  show  that  when  a  body  is  electrified,  all  the 
electricity  goes  to  the  sivrface,  where  it  is  accumulated  as  an  ex- 
tremely thin  layer,  tending  incessantly  to  escape/ and  flying  off, 
in  short,  when  it  is  not  retained  by  any  obstacle. 


Fig-  353- 

This  may  be  demonstrated  by  the  following  experiment,  which 

is  due  to  Biot.  .  •         ■  j  1 

A  hollow  brass  globe,  fixed  to  an  insulatmg  support,  is  provided 
with  two  brass  hemispherical  envelopes  which  fit  closely,  and  can 
be  separated  by  gl^ss  handles.    The  intei  ior  is  now  electrified,  and 
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the  two  hemispheres  are  brought  in  contact  with  each  other  and 
with  the  spheie.  On  then  rapidly  removing  them  (fig.  353),  the 
coverings  w.ll  be  found  to  be  electrified,  while  the  sphere  is  in  its 
natural  condition,  and  indicates  no  electricity.  Thus  in  removing, 
so  to  say,  the  surface  of  a  body,  all  the  free  electricity  it  contained 
is  also  removed,  which  shows  clearly  that  the  electricity  is  on  the 
surface.  That  electricity  resides  solely  on  the  sin-face  is  further 
proved  by  the  fact,  that  two  metal  spheres  of  the  same  diameter, 
but  one  of  them  solid  and  the  other  hollow,  take  the  same  charge 
of  electricity  when  applied  to  the  same  source. 

The  same  point  may  also  be  illustrated  by  means  of  a  birdcage, 
preferably  of  metal  wire,  which  is  suspended  by  insulators  and 
contains  either  a  gold  leaf  electroscope,  or  pieces  of  Dutch  metal, 
feathers,  etc.  When  the  cage  is  charged  by  being  connected  with 
an  electrical  machine  at  work,  the  articles  in  the  interior  are  quite 
unaffected,  although  strong  sparks  may  be  taken  from  the  outside 
A  bird  in  the  inside  is  quite  unaffected  by  the  charge  or  discharge 
of  the  electricity  of  the  cage. 

When  accumulated  on  the  surface  of  bodies,  electricity  tends  to 
pass  off  to  adjacent  objects  with  an  effort  which  is  known  as  the 
tennon.  This  increases  with  the  quantity  of  electricity.  .So  long 
as  it  does  not  exceed  a  certain  limit,  it  is  balanced  by  the  resistance 
presented  by  the  small  conducting  power  of  the  air  when  it  is  dry. 
If  the  tension  increases,  this  resistance  is  overcome,  and  the  elec- 
tricity springs  off  to  an  adjacent  body  with  a  sound,  and  in  the  form 
of  a  bright  spark.  In  moist  air  the  tension  is  always  feeble  for  the 
electricity  passes  away  almost  as  rapidly  as  it  is  supplied,  moisture 
being  a  good  conductor  of  electricity.  In  very  rarefied  air,  on  the 
contrary,  where  there  is  little  resistance,  electricity  passes  off 
presenting  the  appearance  of  a  luminous  glow.  ' 

414.  Influence  of  the  shape  of  a  body  on  the  accumulation 
Of  electricity.  Power  of  poiats.--The  manner  in  which  electricity 
IS  distributed  on  the  surface  of  a  body  varies  with  its  shape  If  it 
IS  spherical  the  charge  is  everywhere  the  same,  which  mi^ht  in 
deed  be  predicted,  .and  which  may  be  readily  confirmed  by'means 
proof  pane,  which  is  a  small  thin  metal  disc  fixed  at  the  end 
of  a  thm  Shellac  rod.  This  is  held  in  the  hand,  and  succcssivdv 
applied  to  different  parts  of  the  electrified  body,  and  afte  e  ,ch 
contact  IS  presented  to  an  electrical  pendulum.  If  the  body  is 
sphere  the  attraction  ,s  in  each  case  the  same,  which  shows  ttt 
the  disc  has  taken  the  same  charge  of  electricity  from  each  p  r 
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of  the  sphere,  and,  therefore,  that  the  distribution  of  the  electricity 
is  uniform. 

This  is  no  longer  the  case  if  the  electrified  body  is  more  or  less 
elongated  ;  for  instance,  a  kind  of  ovoid  shape,  as  shown  in  fig. 
354.  In  this  case  the  proof  plane  is  the  more  charged  the  nearer 
it  is  applied  to  the  elongated  end  ;  and  at  this  end  itself  most 
electricity  is  removed.  This  e.xperiment  shows  that,  in  good  con- 
ductors, electricity  always  tends  to  accumulate  towards  the  most 


Fig.  354- 

elongated  parts,  towards  the  points.- .  This  accumulation  produces 
a  greater  tension,  which  is  sufficient  to  overcome  the  resistance  of 
the  air,  and  allow  electricity  to  escape.  It  is  in  fact  observed,  that 
metal  bodies  provided  with  a  point  quickly  lose  then"  electric.ty 
and,  if  the  hand  be  held  over  such  a  point,  a  sort  of  wmd  or  draught 
is  felt.  If  this  takes  place  in  darkness,  a  kind  of  lumnious  brush 
appears  on  the  top  of  the  point.  j    ,   .  r^f 

This  property  of  points,  placed  on  electrified  conductois,  of 
allowing  electricity  to  escape,  has  been  called  the  power  of  points  ; 
and  in  electrical  experiments  we  meet  with  numerous  mstances  in 
which  it  comes  into  play. 


Electrical  Induction. 
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CHAPTER  ir. 

ACTION    OF  ELF.CTRIFIED   BODIES  ON  BODIES  IN  THE  NATURAL 
STATE  ;  INDUCED  ELECTRICITY.     ELECTRICAL  MACHINES. 

415.  Electricity  by  influence  or  induction. — An  insulated 
conductor,  charged  with  either  kind  of  electricity,  acts  on  bodies 
in  a  natural  state  placed  near  it  in  a  manner  analogous  to  that  of 
the  action  of  a  magnet  on  soft  iron,  that  is,  it  decomposes  the 
neutral  fluid,  a'tracting  the  opposite,  and  repelling  the  like  kind  of 
electricity.  The  action,  which  is  a  consequence  of  the  attractions 
and  repulsions  of  the  tvvo  electricities,  and  which  is  exerted  not  only 
through  air  but  also  through  insulating  bcdies  like  air,  glass,  resins 
etc.,  is  said  to  take  place  by  infliiettce  or  mductioti. 


"Fîg.  353. 


The  phenomena  of  induction  may  be  demonstrated  by  means  of 
the  experiment  represented  in  fig.  355.  On  the  right  hand  of  the 
figure  is  the  prime  conductor  of  the  electrical  machine,  which,  as 
we  shall  afterwards  see,  is  usually  charged  with  positive  electricity  ; 
on  the  left  is  a  brass  cylinder,  insulated  by  being  placed  on  a  glass 
support,  and  provided  with  small  pith  ball  pendulums,  suspended 
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by  linen  threads,  which  are  conductors.  When  the  cylinder  is 
brought  near  the  prime  conductor,  the  pendulums  are  found  to 
diverge  but  to  unequal  extents,  the  greatest  divergence  being  met 
with  at  the  ends.  Near  the  middle  the  pith  balls  do  not  diverge 
at  aU  ;  the  electricity  is,  therefore,  accumulated  at  the  ends,  and  the 
middle  is  in  the  neutral  state.  If,  moreover,  a  sealing-wax  rod  \yhich 
has  been  rubbed  with  flannel  be  approached  to  the  pendulums 
nearest  the  electrical  machine,  they  wiLl  be  repelled,  showing  that 
they  are  charged  with  the  same  electricity  as  the  rubbed  sealing-wax, 
that  is,  with  negative  electricity.  If,  in  like  manner,  a  glass  rod, 
which  has  been  rubbed  with  silk,  be  approached  to  the  other  end  of 
the  cylinder,  the  pendulums  are  also  repelled,  which  shows  that  they 
ai'e  charged  with  positive  electricity.  The  electricities  thus  sepa- 
rated are  equal  in  quantity,  for  if  the  cylinder  is  removed  all  the 
pendulums  cease  to  diverge,  since  the  two  electricities  recombine, 
and  the  body  is  restored  to  the  neutral  state. 

This  electrifying  by  infliience,  or  inducticn  as  it  is  called,  which 
is  produced  by  an  electrified  body  on  bodies  in  the  neutral  state, 
explains  a  host  of  phenomena.  In  order  to  explain  all  its  effects, 
it  is  importcint  to  inquire  what  takes  place  when,  in  the  above  ex- 
periment, the  insulated  cylinder  is  placed  for  a  short  time  in  con- 
tact with  the  ground,  while  it  is  still  under  the  influence  of  the 
machine.  Suppose,  for  instance,  the  further  end  be  placed  in  con- 
tact with  the  ground,  the  positive  electricity  will  escape,  while  the 
negative  remains  held  by  the  attraction  of  the  opposite  electricity 
of  the  machine.  If  now  connection  with  the  ground  be  broken, 
and  the  cylinder  be  moved  away  from  the  influence  of  the  machine, 
the  pendulums  will  diverge,  and,  as  can  be  easily  verified,  owing  to 
their  being  charged  with  negative  electricity.  Even  if  the  end 
nearest  the  machine  be  connected  with  the  ground  the  result  is  still 
the  same.  The  negative  electricity  does  not  pass  into  the  ground  ; 
it  is  the  positive  which  still  escapes  ;  the  negative  being  attracted 
by  the  contrary  electricity  of  the  machine,  on  interrupting  the 
communication  with  the  earth,  the  cylinder  remains  charged  with 
negative  electricity. 

Thus  a  body  can  be  charged  with  electricity  by  induction  as  well 
as  by  conduction.  But,  in  the  latter  case,  the  charging  body  loses 
part  of  its  electricity,  which  remains  unchanged  in  the  former  case. 
The  electricity  imparted  by  conduction  is  of  the  same  kind  as  that 
of  the  electrified  body,  while  that  excited  by  induction  is  of  the 
opposite  kind.    To  impart  electricity  by  conduction,  the  body  must 
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be  quite  insulated,  while,  in  the  case  of  induction,  it  must  be  in 
connection  with  the  earth,  at  all  events,  momentarily. 

What  has  here  been  said  has  referred  to  the  inductive  action  ex- 
erted on  good  conductors.  Bad  conductors  are  not  so  easily  acted 
upon  by  induction,  owing  to  the  great  resistance  they  present  to  the 
circulation  of  electricity,  but,  when  once  charged,  the  electric  state 
is  more  permanent. 

This  is  analogous  to  what  is  met  with  in  magnetism  ;  a  magnet 
instantaneously  evokes  magnetism  in  a  piece  of  soft  iron  ;  but  this 
is  only  temporary,  and  depends  on  the  continued  action  of  the 
magnet  ;  a  magnet  magnetises  steel  with  far  greater  difficulty,  but 
this  magnetism  is  permanent. 

ELECTRICAL  MACHINES. 

416.  Bamsden's  electrical  macbine. —  The  first  electrical 
machine  was  invented  by  Otto  von  Guericke,  the  inventor  also  of 
the  air-pump.  It  consisted  of  a  sphere  of  sulphur,  which  was 
turned  on  an  axis  by  means  of  the  hand,  while  the  other,  pressing 
against  it,  served  as  a  rubber.  Resin  was  afterwards  substituted 
for  the  sulphur,  which  in  turn  Hawksbee  replaced  by  a  glass  cylin- 
der. In  all  these  cases  the  hand  served  as  rubber  (fig.  373)  ;  and 
Winckler,  in  1740,  first  introduced  cushions  of  horsehair  covered 
with  silk  as  rubbers.  At  the  same  time,  Bose  collected  electricity 
disengaged  by  friction,  on  an  insulated  cylinder  of  tin  plate.  Lastly, 
Ramsden,  in  1760,  replaced  the  glass  cylinder  by  a  circular  glass 
plate,  which  was  rubbed  by  cushions.  The  form  which  the  machine 
has  now  is  but  a  modification  of  Ramsden's  original  machine. 

Between  two  wooden  supports  (fig.  356),  a  circular  glass  plate, 
P,  about  a  yard  in  diameter,  is  suspended  by  an  axis  passing 
through  the  centre,  and  which  is  turned  by  means  of  a  glass  handle. 
The  plate  revolves  between  two  sets  of  cushions  or  rubbers,  of 
leather  or  of  silk,  one  set  above  the  a.xis  and  one  below,  which,  by 
means  of  screws,  can  be  pressed  as  tightly  against  the  glass  as  may 
be  desired,  by  which  means  the  plate  becomes  electrified  on  both 
sides.  In  front  of  the  plate  also  are  two  brass  rods,  provided  with 
a  series  of  points  in  the  sides  opposite  the  glass  ;  these  rods  are 
fixed  to  two  large  metal  cylinders,  A  A,  which  form  the  prime  con- 
ductor. The  latter  are  insulated  by  being  supported  on  glass  feet, 
and  are  connected  with  each  other  by  a  smaller  rod. 

The  action  of  the  machine  is  founded  on  the  excitation  of  elec- 
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tricity  by  friction,  and  on  the  action  of  induction.  By  friction  with 
tlie  rubbers,  the  glass  becomes  positively,  and  the  rubbers  nega- 
tively electrified.  If  now  the  rubbers  were  insulated,  they  would 
receive  a  certain  charge  of  negative  electricity  which  it  would  be 
impossible  to  exceed,  for  the  tendency  of  the  opposed  electricities 


Fig-  356. 

to  reunite  would  be  equal  to  the  power  of  the  friction  to  decom- 
pose the  neutral  fluid.  But  the  rubbers  communicate  with  the 
ground  by  means  of  bands  of  tinfoil,  fixed  to  the  supports,  not 
shown  in  the  figure,  and,  consequently,  as  fast  as  the  negative  elec- 
tricity is  generated  it  passes  off.  The  positive  electricity  of  the 
glass  acts  then  by  induction  on  the  conductor,  attracting  the  nega- 
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tive  fluid.  The  conductors  thus  lose  their  negative  electricity,  and 
remain  charged  with  positive  fluid.  The  plate  accordingly  gives  up 
nothing  to  the  conductors  ;  in  fact,  it  only  abstracts  from  them  their 
negative  fluid. 

As  thus  described,  the  electrical  machine  yields  only  positive 
electricity  ;  it  may,  however,  be  arranged  so  as  to  give  negative 
electricity.  For  this  purpose  the  four  feet  of  the  table  are  insulated 
by  being  placed  on  thick  plates  of  resin,  of  glass,  or  of  sulphur,  and 
the  conductors  are  connected  with  the  ground  by  a  metallic  chain. 
This  allows  the  electricity  of  the  positive  conductors  to  escape, 
while  the  negative  electricity  of  the  rubbers  accumulates  on  the 
supports  and  on  the  bands  of  tinfoil. 

417.  Measurement  of  the  cbarg-e  of  the  electrical  machine, 
quadrant  electrometer. — The  amount  of  electrical  charge  is 
measured  by  the  quadrant  or  Henlefs  ckcirometer,  which  is  re- 
presented in  fig.  356  attached  to  the  conductor.  This  is  a  small 
electric  pendulum,  consisting  of  a  wooden  rod,  to  which  is  attached 
an  ivory  or  cardboard  scale  (fig.  357).  In  the  centre  of  this  is 
a  small  straw  index,  movable  on  an  axis,  and  terminating  in  a 
pith  ball.  Being  attached  to  the  conductor,  the  index  rises  as 
the  machine  is  charged,  ceasing  to  rise  when  the  hmit  is  attained. 
When  the  rotation  is  discontinued  the  index  falls  rapidly  if  the  air 
is  moist  ;  but  in  dry  air  it  only  falls  slowly,  showing,  therefore, 
that  the  loss  of  electricity  in  the  latter  case  is  less  than  in  the 
former. 

Hence  in  moist  and  rainy  weather  all  experiments  with  the  elec- 
trical machine  are  difficult  to  perform.  All  parts  of  the  apparatus 
must  be  carefully  warmed  by  a  charcoal  chauffer,  and  the  supports 
and  plate  must  be  rubbed  with  hot  cloths. 

The  rubbers  require  great  care  both  in  their  construction  and  in 
their  preservation.  They  are  commonly  made  of  leather  stuffed 
with  horse-hair.  Before  use  they  are  coated  either  with  powdered 
aurum  iiuisiviim  (sulphuret  of  tin),  or  graphite,  or  amalgam.  The 
action  of  these  substances  is  not  very  clearly  understood.  Some 
consider  that  it  merely  consists  in  promoting  friction.  Others 
again  believe  that  a  chemical  action  is  produced,  and  assign 
in  support  of  this  view  the  peculiar  smell  noticed  near  the  rubbers 
when  the  machine  is  worked.  Amalgams,  perhaps,  promote  most 
powerfully  the  disengagement  of  electricity.  Kioimayei^s  amalgam 
is  the  best  of  them. 

Whatever  precautions  be  taken  to  avoid  the  loss  of  electricity, 
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or  however  rapidly  the  machine  is  turned,  it  is  impossible  to  ex- 
ceed a  certain  limit.  For  as  the  electricity  accuniulates  on  the 
machine,  its  tension  increases  too,  and  very  soon  its  tendency  to 
escape  exceeds  the  resistance  offered  by  the  air  and  the  supports  of 
the  conductors.  From  this  moment  the  loss  of  electricity  equals  the 
electricity  disengaged  by  friction,  and  hence  the  tension  can  never 
exceed  the  limit  it  has  attained,  which  is  indicated  by  the  electro- 
meter remaining  stationary  although  the  rotation  is  continued. 

If,  moreover,  the  maximum  effect  is  desired,  the  machine  must 
not  be  placed  too  near  the  walls  or  the  furniture  ;  it  must  be,  in  short, 
away  from  all  objects  on  which  it  could  act  by  induction,  especially 


Fig.  357- 


if  these  are  angular,  for  it  then  continually  withdraws  the  electricity 
of  the  opposite  kind,  and  tends  to  revert  to  the  neutral  state.  Thus 
if  a  point  be  presented  to  a  machine  in  action,  as  represented  in 
fig.  357,  the  electrometer  falls,  even  though  the  point  is  at  some 
distance.  This  is  due  to  the  fact  that  the  positive  electricity  of  the 
machine  induces  negative  in  the  point,  which  flows  out  as  fast  as  it 
is  produced,  and  combining  with  the  positive  by  means  of  which 
it  was  evoked,  continually  brings  the  machine  back  to  the  neutral 
state. 

418.  Electrophorus. — This  is  a  very  simple  apparatus  invented 
by  Volta,  and  by  means  of  which  considerable  quantities  of  elec- 
tricity may  be  produced.    It  consists  of  a  cake  of  resin,  C  (fig.  358), 
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of  about  twelve  inches  diameter,  and  an  inch  thick,  which  is  placed 
on  a  metallic  surface,  or  very  frequently  fits  in  a  wooden  mould 
lined  with  tinfoil,  which  is  called  the  form.  Besides  this,  there  is  a 
wooden  disc,  of  a  diameter  somewhat  less  than  that  of  the  cake, 
lined  on  its  under  surface  with  tinfoil,  and  provided  with  an  insu- 
lating glass  handle.  This  is  called  the  cover.  The  mode  of 
Avorking  this  apparatus  is  as  follows  :  All  the  parts  of  the  apparatus 
having  been  well  warmed,  the  cake,  which  is  placed  in  the  form,  or 
rests  on  a  metallic  surface,  is  briskly  flapped  with  a  catskin,  as 


Fig.  358. 


shown  in  fig.  358,  by  which  it  becomes  charged  with  negative 
electricity.  The  cover  held  by  the  insulating  handle  is  then  placed 
on  the  cake.  The  negative  electricity  of  the  cake  acting  thus  in- 
ductively on  the  cover  attracts  positive  electricity  to  the  lower  sur- 
face, and  repels  negative  to  the  upper.  If  now  this  uppersurface  be 
touched  by  the  finger,  as  shown  in  fig.  359,  the  negative  electricity 
pa.sses  out  into  the  ground,  and  the  disc  only  retains  positive  elec- 
tricity.  Now  when  the  cover  is  raised  by  one  hand  by  means  of  the 
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insulating  handle,  and  the  other  hand  is  brought  near  it,  a  smart 
spark  passes,  due  to  the  recombination  of  the  positive  of  the  disc 
with  the  negative  produced  by  its  induction  in  the  hand  (fig.  360). 

Replacing  the  disc  upon  the  cake,  this  again  exerts  its  inductive 
action,  for  it  is  such  a  bad  conductor  that  the  electricity  does  not 
pass  off  to  the  cover,  and  if  the  same  operations  be  repeated,  a 
succession  of  such  sparks  may  be  obtained  even  after  the  lapse  of 
some  time.  The  retention  of  electricity  is  greatly  promoted  by 
keeping  the  cake  in  the  form,  and  placing  the  cover  upon  it,  by 


Fig.  359-  •         Fig.  360. 


which  the  access  of  air  is  hindered.  Instead  of  a  cake  of  resin,  a 
disc  of  gutta  percha,  or  vulcanised  cloth,  or  vulcanite,  may  be  sub- 
stituted ;  and  of  course,  if  any  material  which  becomes  positively 
electrified  by  friction  be  used,  the  cover  acquires  a  negative  charge. 

419.  Gold  leaf  electroscope. — The  gold  leaf  electroscope,  also 
called  Bejinctfs  electroscope,  from  the  name  of  its  inventor,  is  a  small 
but  delicate  apparatus  for  ascertaining  whether  a  body  is  electrified, 
and  if  so  with  what  kind  of  electricity  it  is  charged.  It  consists  of 
a  tubulated  glass  shade  (fig.-  361),  the  neck  of  which  is  closed  by  a 
cork.   In  this  is  fitted  a  brass  rod  terminating  at  the  top  in  a  knob, 


-419] 


Gold  Leaf  Electroscope. 


445 


and  at  the  bottom  in  two  strips  of  gold  leaf.  The  neck,  the  cork, 
and  the  upper  part  of  the  shade  are  coated  with  a  thick  layer  of 
sealing-wax  varnish,  which  is  nothing  more  than  a  solution  of  seal- 
ing-wax in  spirits  of  wine.  The  object  of  this  coating  is  to  improve 
the  insulating  qualities  of  the  glass.  Glass  is  indeed  a  bad  conduc- 
tor, but  it  is  very  hygroscopic  ;  that  is,  it  readily  attracts  aqueous 
vapour  from  the  air,  and  thus  becomes  coated  with  a  layer  of  mois- 
ture, which  renders  its  surface  a  conductor.  When  covered  with 
varnish  this  evil  is  removed,  for  varnishes,  which  are  usually  made 
of  resin,  are  not  hygroscopic. 


Fig.  361. 


The  air  in  the  inside  is  dried  by  quicklime,  or  by  chloride  of 
calcium,  and  on  the  insides  of  the  shade  there  are  two  strips  of 
gold  leaf  communicating  with  the  ground. 

When  the  knob  is  touched  with  a  body  charged  with  either  kind 
of  electricity,  the  leaves  diverge  ;  usually,  however,  the  apparatus 
is  charged  by  induction  in  the  following  manner  : — 

If  an  electrified  body,  a  stick  of  sealing-wa.x  rubbed  with  flan- 
nel, for  instance,  be  brought  near  the  knob,  it  will  decompose  tlit; 
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natural  electricity  of  the  system,  attracting  to  the  knob  the  electri- 
city of  the  opposite  kind  and  retaining  it  there,  and  repelling  the 
electricity  of  the  same  kind  to  the  gold  leaves,  which  consequently 
diverge.  In  ihis  way,  the  presence  of  an  electrical  charge  is  ascer- 
tained, but  not  its  quality. 

To  ascertain  the  kind  of  electricity  the  following  method  is 
pursued  :  If,  while  the  instrument  is  under  the  influence  of  the 
body,  which  we  will  suppose  has  a  negative  charge,  the  knob  be 
touched  by  the  finger,  the  negative  electricity  decomposed  in  in- 
duction passes  off  into  the  ground,  and  the  previously  divergent 
leaves  will  collapse  :  there  only  remains  positive  electricity  retained 
in  the  knob  by  induction  from  the  sealing-wax.  If  now  the  finger 
be  first  removed,  and  then  the  electrified  body,  the  positive  electri- 
city previously  retained  by  the  sealing-wax  will  spread  over  the 
system,  and  cause  the  leaves  to  diverge  with  positive  electricity. 
If  now,  while  the  system  is  charged  with  positive  electricity,  a 
positively  electrified  body,  as,  for  example,  an  excited  glass  rod,  be 
approached,  the  leaves  will  diverge  more  widely  ;  for  the  electricity 
of  the  same  kind  will  be  repelled  to  the  extremities.  If,  on  the 
contrary,  an  excited  shellac  rod  be  presented,  the  leaves  will  tend 
to  collapse,  the  fluid,  with  which  they  are  charged,  being  attracted 
by  the  opposite  electricity.  Hence  we  may  ascertain  the  kind  of 
electricity,  either  by  imparting  to  the  electroscope  electricity  from 
the  body  under  examination,  and  then  bringing  near  it  a  rod 
charged  with  positive  or  negative  electricity  ;  or  the  electroscope 
maybe  charged  with  a  known  kind  of  electricity,  and  the  electrified 
body  in  question  brought  near  the  electroscope. 

It  has  been  proposed  to  use  the  electroscope  as  2l\\  eleciromefi'}-, 
or  measurer  of  electricity,  by  measuring  the  angle  of  divergence  of 
the  leaves.  This  is  done  by  placing  behind  them  a  graduated 
scale.  There  are,  however,  many  objections  to  such  a  use,  and  it 
is  rarely  employed  for  this  purpose. 
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CHAPTER  IIT. 

ELECTRICAL  EXPERIMENTS. 

420.  Electrical  spark. — One  of  the  first  experiments  which  is 
made  by  those  who  see  an  electrical  machine  at  work  for  the  first 
time  is  that  of  taking  from  it  an  electrical  spark  by  bringing  the 
hand  near  the  conductor.  The  positive  electricity  of  the  conductor 
acting  inductively  on  the  neutral  fluid  of  the  body  decomposes  it, 


 .  IBIIIII^^ 


repelling  the  positive  and  attracting  the  negative  fluid.  When  the 
tension  of  the  opposed  electricities  is  sufficiently  great  to  over- 
come the  resistance  of  the  air,  they  reconibine  with  a  sniait  crack 
and  a  spark.  The  spark  is  instantaneous,  and  is  accompanied  by 
a  sharp  prickly  sensation,  more  especially  with  a  powerful  machine. 
Its  shape  varies.    When  it  strikes  at  a  short  distance,  it  is  recti- 
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linear,  as  seen  in  fig  362.  Beyond  two  or  three  inches  in  length, 
the  spark  becomes  irregular,  and  has  the  form  of  a  sinuous  curve 
with  branches  (fig.  363).  If  the  discharge  is  very  powerful,  the 
spark  takes  a  zigzag  shape  (fig.  364).  These  two  latter  appearances 
are  seen  in  the  lightning  discharge. 

421.  Insulating  stool.— A  spark  may  be  taken  from  the  human 
body  by  the  aid  of  the  insiilati7ig  stool,  which  is  simply  a  low  stool 


Fig.  363. 

with  stout  varnished  glass  legs.  The  person  standing  on  this  stool 
touches  the  prime  conductor,  and  as  the  human  body  is  a  good  con- 
ductor, the  electrical  fluid  is  distributed  over  its  surface  as  over  an 
ordinary  insulated  metallic  conductor  (fig.  365)-  The  hair  diverges 
in  consequence  of  repulsion,  a  peculiar  sensation  is  felt  on  the  face, 
and  if  another  person,  standing  on  the  ground,  presents  his  hand 
to  any  part  of  the  body,  a  smart  crack  with  a  pricking  sensation  is 

produced.  . 

422.  Electrical  chimes.- 77/^  electrical  chimes  is  a  bell  work 
which  is  worked  by  .electrical  attraction  and  repulsion.    It  consists 
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of  three  metal  bells  suspended  from  a  horizontal  brass  rod,  which 
is  connected  with  the  electrical  machine  (fig.  366).  The  two  bells,  b 
and  c,  are  suspended  by  light  metal  chains  ;  the  middle  one  is  sus- 
pended by  silk,  and  is  moreover  connected  with  the  ground  by  a 
chain.  Between  the  bells  are  two  small  hollow  brass  balls,  sus- 
pended by  silk  threads  to  which  they  are  attached.  When  the 
machine  is  worked  these  small  brass  balls  are  attracted  by  the 
electricity  which  passes  to  the  bells,  b  and  c,  and  strike:  against 
them  ;  but  being  at  once  repelled  they  strike  against  the  middle 
bell,  to  which  they  give  up  their  electricity,,  which  thus  passes  into 


Fig.  366. 


the  ground.  They  are  then  again  attracted,  again  repelled,  and  so 
on  as  long  as  the  electrical  machine  is  worked. 

423.  Bancingr  puppets.— This,  like  the  chimes,  is  an  apphcation 
of  the  attractions  and  repulsions  of  electrified  bodies.  It  consists 
in  placing  a  small,  very  light  figure  of  pith,  loaded  at  the  feet, 
between  two  metal  discs,  one  connected  with  the  ground  and  the 
other  with  the  electrical  machine  (fig.  367).  As  soon  as  this  latter 
becomes  charged,  the  small  puppet  is  successively  attracted  and 
repelled  from  one  to  the  other  disc,  as  if  it  executed  of  its  own 
proper  action  a  series  of  jumps. 

424.  Electrical  whirl  or  vane.— The  electrical  whirl  or  vane 
consists  of  four  to  six  wires,  terminating  in  points,  all  bent  in  the 
same  direction,  and  fixed  in  a  central  cap,  which  rotates  on  a 
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pivot  (fig.  368).  When  the  apparatus  is  placed  on  the  conductor, 
and  the  machine  is  worlced,  the  whirl  begins  to  revolve  in  a  direc- 
tion opposite  that  of  the  points.  This  motion  is  analogous  to  that 
of  the  hydraulic  tourniquet  (79),  but  unlike  that,  it  is  not  caused 
by  a  flow  of  material  fluid,  but  is  due  to  a  repulsion  between  the 
electricity  of  the  points  and  that  which  they  impart  to  the  air  by 
conduction.  The  electricity,  being  accumulated  on  the  points  in  a 
high  state  of  tension,  passes  into  the  adjacent  air,  and  thus  impart- 


Fig.  367- 

ing  to  it  a  charge  of  electricity,  repels  this  electricity  while  it  is 
itself  repelled.  That  this  is  the  case,  is  evident  from  the  fact  Uiat 
on  approaching  the  hand  to  the  whirl  while  in  motion,  a  slight 
dLJht  is  felt,  due  to  the  movement  of  the  electrified  air  ;  while  m 
vlcuo  Ae  apparatus  does  not  act  at  all.  This  draught  or  wind  is 
known  as  the  electrical  aura. 

When  the  electricity  thus  escapes  by  a  point  the  elec  -«ed  -n 
repelled  so  strongly  as  not  only  to  be  perceptible  to  the  hand,  but 
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also  to  engender  a  current  strong  enough  to  blow  out  a  candle. 
The  same  effect  is  produced  by- 
placing  a  taper  on  the  con- 
ductor, and  bringing  near  it  a 
pointed  wire  held  in  the  hand. 
The  current  arises,  in  this  case, 
from  the  contrary  fluid,  which 
escapes  by  the  point  under  the 
influence  of  the  machine. 

The  electrical  orrery  and  the 
electrical  inclined  plane  are 
analogous  to  these  pieces  of 
apparatus. 

425.  Electric  egrff. — The  in- 
fluence of  the  pressure  of  the 
air,  or  rather  of  its  nonconduc- 
tivity,  on  the  electric  light,  may 
be  studied  by  means  of  the 
electric  egg.    This  consists  of  an  Fig.  368. 
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ellipsoidal  glass  vessel  (fig.  369).  with  metal  caps  at  each  end. 
The  lower  cap  is  provided  with  a  stopcock,  so  that  it  can  be 
screwed  into  an  air-pump,  and  also  into  a  heavy  metal  foot.  The 
'upper  metal  rod  moves  up  and  down  in  a  leather  stuffing  box  ; 
the  lower  one  is  fixed  to  the  cap.  An  almost  complete  vacuum 
having  been  made,  the  stopcock  is  turned,  and  the  vessel  screwed 


Fig.  370. 

into  its  foot  ;  the  upper  part  is  then  connected  with  ^  P-^-erful 
electrical  machine,  and  the  lower  one  with  the  ground.  On  work- 
ing the  machine,  the  globe  becomes  filled  w.th  a  feeble  violet  light 
continuous  from  one  end  to  the  other,  and  resulting  from  the  recom- 
position of  the  positive  fluid  of  the  upper  cap  with  the  negative  of 
the  lower     If  the  air  be  gradually  allowed  to  enter  by  opening 
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the  stopcock,  the  resistance  increases,  and  the  light  which  appeared 
continuous,  white  and  brilliant,  is  now  only  seen  as  an  ordinary 
spark. 

426.  Magic  pane.— The  magic  pane  consists  of  a  glass  plate, 
one  side  of  which  is  covered  with  several  strips  of  tinfoil,  arranged 
so  as  to  form  a  series  of  metallic  bands,  parallel  and  close  to 


Fig.  371- 


each  other.  The  pane  is  supported  vertically  by  two  glass  rods, 
and  the  upper  end  of  the  tinfoil  is  connected  with  the  electrical 
machine  by  a  conductor,  and  the  lower  one  with  the  ground  by  a 
chain.  In  this  condition,  if  the  machine  be  worked,  the  elec- 
tricity will  pass  into  the  ground  by  the  tinfoil,  without  any  inter- 
ruption ;  but  if  a  series  of  breaks  are  made  in  the  tinfoil  by  cutting 
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it  away  with  a  penknife,  a  spark  appears  at  each  break  ;  and  if  these 
breaks  be  so  arranged  as  to  represent  a  given  object,  a  flower,  or  a 
monument,  or  words,  these  objects  are  reproduced  in  a  hne  of  fire 
when  the  electrical  machine  is  set  to  work.  This  experiment  is 
really  due  to  the  prodigious  velocity  of  electricity,  which  is  not  less 
than  about  190,000  miles  in  a  second  ;  hence  in  the  above  experi- 
ment, although  the  sparks  are  really  successive,  they  follow  each 
other  with  such  rapidity  as  to  seem  continuous. 

427.  Iiuminous  globe  and  tube. — The  Itwiinoiis  globe  is  a 
glass  globe  lined  on  the  inside  with  a  series  of  small  lozenges  of 
tinfoil  placed  very  near  each  other  without  actually  touching.  The 
first  plate  is  connected  with  an  electrical  machine  at  work,  and  the 
last  with  the  ground,  upon  which  a  series  of  bright  sparks  appears 
at  each  break  in  the  metallic  conductor  (fig.  371). 

If  the  small  metal  plates  are  arranged  inside  a  spiral  glass  lustre 
from  one  end  to  the  other,  this  arrangement  forms  a  biminous  tube. 

428.  Volta's  cannon. — This  is  not  merely  interesting  as  an  ex- 
periment, but  also  as  demonstrating  an  important  fact,  naihely,  that 


Fig,  372. 


the  electrical  spark  can  establish  chemical  action.  Thus,  water  is 
formed  of  two  gases,  hydrogen  and  oxygen,  in  the  ratio  of  one  volume 
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of  the  latter  to  two  volumes  of  the  former.  Now,  when  an  electrical 
spark  is  passed  through  a  mixture  of  these  two  gases,  they  combme 
in  these  proportions,  and  form  water.  This  combination  is,  moreover, 
attended  by  a  bright  flash  of  light  and  a  loud  report,  the  latter  bemg 
due  to  the  expansive  force  of  aqueous  vapour,  arismg  from  the  high 
temperature  produced  by  the  combination. 

On  this  property  which  mixtures  have  of  detonating  by  the  elec- 
trical spark,  Volta's  cannon,  represented  in  fig.  372,  is  constructed. 
It  is  a  small  brass  cannon  resting  on  an  insulating  support.  In  the 
touchhole  is  a  small  glass  tube,  and  in  this  a  brass  wire  with  a 
small  knob  at  each  end  ;  one  of  which  knobs  is  on  the  outside,  and 
the  other  very  near  the  inside  of  the  cannon  but  not  touching  it. 
Havir.g  introduced  a  mixture  of  two  parts  of  hydrogen  and  one  of 
oxygen,  the  cannon  is  closed  by  a  cork,  and  is  connected  with  the 
ground  by  a  metal  chain.  If  then  the  charged  disc  of  the  electro- 
phoruE  be  approached,  a  spark  passes  to  the  small  knob,  and  at  the 
same  time  inside  the  cannon.  This  latter  causes  the  two  gases  to 
combine  with  a  violent  explosion,  which  drives  out  the  cork. 


CHAPTER  IV. 
CONDENSATION  OF  ELECTRICITY. 


4:9.  Discovery  of  the  leyden  jar. — In  1746  Cuneus  of  Leyden, 
wishng  to  electrify  water  contained  in  a  flask,  suspended  to  the 
conductor  of  an  electrical  machine  a  wire,  and  then  held  the  flask 
in  one  hand  so  that  the  wire  just  dipped  in  the  water  (fig.  373). 
The  machine  having  been  worked  for  some  time  he  accidentally 
tou;hed  the  conductor,  and  in  so  doing  received  a  violent  shock. 
Muschenbroeck,  his  teacher,  who  repeated  the  experiment,  received 
in  the  arms  and  breast  a  shock  so  violent  that  it  was  two  days 
before  he  recovered  from  its  effects,  and  writing  to  his  friend 
Reaumur  he  said  he  would  not  repeat  the  experiment  for  the  whole 
kingdom  of  France. 

In  the  previous  year  Kleist,  a  German  clergyman,  in  a  private 
letter  to  a  friend  described  an  experiment  which  he  had  made,  and 
which  was  substantially  the  same  as  the  above  ;  but  it  was  the 
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Dutch  philosophers  who  investigated  the  conditions  of  success,  and 
who  gave  the  explanation  of  the  phenomenon  ;  and  accordingly  it 
is  in  their  honour  that  the  name  '  Leyden  jar'  is  given  to  the  appa- 
ratus to  which  their  discovery  gave  rise. 


Fig.  373- 


430.  Electrical  condensers. — It  is  not  difficult  to  see  tiat  in 
the  above  experiments  the  water  and  the  hand  play  the  jart  ot 
two  conductors  separated  by  an  insulating  plate  ;  any  arrangement 
in  which  these  conditions  are  fulfilled  would  produce  similar  efiects  ; 
for  it  would  have  the  power  of  condensing  electricity,  from'vhich 
has  been  derived  the  name  condenser. 

The  action  of  the  condenser  may  be  most  conveniently  explained 
by  reference  to  that  of  Epinus,  which  consists  of  two  metal  phtes, 
A  and  B,  insulated  by  being  supported  on  glass  legs  (fig.  374)  ; 
between  them  is  a  pane  of  ordinary  glass,  of  somewhat  laiger 
diameter  than  that  of  the  plates,  A  and  B,  which  are  about  six 
inches  in  diameter.  The  legs  can  be  moved  along  a  support,  and 
fixed  in  any  position. 

In  explaining  the  action  of  the  condenser,  it  will  be  convenient 
to  call  that  side  of  the  metal  plate  nearest  the  glass  the  anterior,  and 
the  other  the  posterior,  side.  And  first  let  A  be  at  such  a  distance 
from  B  as  to  be  out  of  the  sphere  of  its  action.   The  plate  B,  whict 
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is  then  connected  with  the  conductor  of  the  electrical  machine,  takes 
its  maximum  charge,  which  is  distributed  equally  on  its  two  faces, 


Fig-  374- 

and  the  pendulum  diverges  widely.    If  the  connection  with  the 
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machine  be  interrupted,  nothing  would  be  changed  ;  but  if  the  plate, 
A,  be  slowly  approached,  its  neutral  fluid  being  decomposed  by  the. 
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influence  of  B,  the  negative  is  accumulated  on  its  anterior  face,  «, 
(fig.  376),  and  the  positive  passes  into  the  ground.  But  as  the 
negative  electricity  of  the  plate  A  reacts  in  its  turn  on  the  positive 
of  the  plate  B,  the  latter  fluid  ceases  to  be  equally  distributed  on 
both  faces,  and  is  accumulated  on  its  anterior  face,  m.  The  pos- 
terior face,  p,  having  thus  lost  a  portion  of  its  electricity,  its  tension 
has  diminished,  and  is  no  longer  equal  to  that  of  the  machine,  and 
the  pendulum  b  diverges  less  widely.  Hence  B  can  receive  a  fresh 
quantity  from  the  machine,  which  acting  as  just  described,  decom- 
poses by  induction  .a  second  quantity  of  neutral  fluid  on  the  plate 
A.  There  is  then  a  new  accumulation  of  negative  fluid  on  the 
face  «,  and  consequently  of  positive  fluid  on  m.  But  each  time 
the  machine  gives  otï  electricity  to  the  plate  B,  only  a  proportion  of 
this  passes  to  the  face  m,  the  other  remaining  on  the  face  p  ;  the 
tension  here,  therefore,  continues  to  increase  until  it  equals  that  of 
the  machine.    From  this  moment  equilibrium  is  established,  and 

a  limit  to  the  charge  is  reached, 
which  cannot  be  exceeded.  The 
quantity  of  electricity  accumula- 
ted now  on  the  two  faces,  m  and 
«,  is  very  considerable,  and  yet 
the  pendulum  diverges  just  as 
much  as  it  did  when  A  was 
absent  and  no  more  ;  in  fact, 
the  tension  at  p  is  just  what  it 
was  then,  namely,  that  of  the 
machine. 

The  accumulation  of  electricity  in  condensers  was  formerly 
explained  by  saying  that  the  electricity  of  the  condensing  plate, 
A,  neutralised  the  contrary  electricity  of  the  collecting  plate,  and 
it  was  because  the  electricity  on  this  latter  was  then  dissimu- 
lated or  latetit  that  it  could  receive  a  fresh  supply.  But  from 
what  has  been  said,  it  is  unnecessary  to  recur  to  any  special 
hypothesis  as  to  the  state  of  electricity  to  explain  the  theor)'  of 
condensers. 

When  the  condenser  is  charged,  that  is,  when  the  opposite  elec- 
tricities are  accumulated  on  the  anterior  faces,  connection  with 
the  ground  is  broken  by  raising  the  wires.  The  plate  A  is  charged 
with  negative  electricity,  but  simply  on  its  anterior  face  (fig.  375), 
the  other  side  being  neutral.  The  plate  B,  on  the  contrary,  is  elec- 
trified on  both  sides,  but  unequally  ;  the  accumulation  is  only  on 


Fig.  376. 
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its  anterior  face,  while  on  the  posterior,  p,  the  tension  is  simply 
equal  to  that  of  the  machine  at  the  moment  the  connections  are 
interrupted.  In  fact  the  pendulum  b  diverges  and  a  remains 
vertical.  But  if  the  two  plates  are  removed,  the  two  pendulums 
diverge  (fig.  376),  which  is  owing  to  the  circumstance  that,  as  the 
plates  no  longer  act  on  each  other,  the  positive  fluid  is  equally  dis- 
tributed on  the  two  faces  of  the  plate  B,  and  the  negative  on  those 
of  the  plate  A. 

431.  Slow  discharge  and  instantaneous  discharge. — While 
the  plates,  A  and  B,  are  in  contact  with  the  glass  (fig.  375),  and  the 
connections  are  interrupted,  the  condenser  may  be  discharged,  that 
is,  restored  to  the  neutral  state,  in  two  ways  ;  either  by  a  slow  or 
by  an  instantaneous  discharge.  To  discharge  it  slowly,  the  plate 
B,  that  is,  the  one  containing  an  excess  of  electricity,  is  touched 
with  the  finger  ;  a  spark  passes,  all  the  electricity  onp  escapes  into 
the  ground,  the  pendulum  b  falls,  but  a  diverges.  For  B  having 
lost  part  of  its  electricity  only  retains  on  the  face,  in,  that  held  by 
the  inductive  influence  of  the  negative  on  A.  But  the  quantity 
thus  retained  at  B  is  less  than  that  on  A  :  this  has  free  electricity, 
which  makes  the  pendulum  a  diverge  ;  and,  if  it  now  be  touched, 
a  spark  passes,  the  pendulum  a  sinks  while  b  rises,  and  so  on 
by  continuing  to  touch  alternately  the  two  plates.  The  discharge 
only  takes  place  slowly  ;  in  very  dry  air  it  may  require  several 
hours.  If  the  plate.  A,  were  touched  first,  no  electricity  would 
be  removed,  for  all  it  has  is  retained  by  that  of  the  plate  B.  To 
remove  the  total  quantity  of  electricity  by  the  method  of  alternate 
contacts,  an  infinite  number  of  such  contacts  would  theoretically  be 
required. 

To  obtain  an  instantaneous  discharge  one  hand  may  be  placed 
on  one  plate,  and  the  second  touched  with  the  other  hand  •;  a  violent 
shock  is  then  felt,  far  more  violent  than  that  produced  by  the 
electrical  machine.  To  avoid  this  a  discharging  rod  is  used,  which 
consists  of  two  bent  stout  brass  wires  terminating  in  knobs  and 
joined  by  a  hinge.  If  this  be  held  in  the  hand  as  represented  in 
fig.  378,  and  one  knob  be  applied  to  one  plate  of  the  condenser 
while  the  arc  is  bent,  so  that  the  second  touches  the  other  plate, 
just  as  this  is  on  the  point  of  touching  a  spark  passes,  which  is  due 
to  the  reunion  of  the  two  electricities  accumulated  on  the  condenser; 
no  shock  is  felt,  for  the  recombination  does  not  take  place  through 
the  arms  and  body  of  the  experimenter,  but  through  the  metallic 
arc,  which  is  a  far  better  conductor. 
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432.  Iiimlt  of  the  chargre  of  condensers. — The  quantity  of  elec- 
tricity which  can  be  accumulated  on  each  plate  is,  other  things  being 
equal,  proportional  to  the  tension  of  the  electricity  on  the  conductor, 
and  to  the  surface  of  the  plates  :  it  decreases  as  the  insulating  plate 
is  thicker,  and  it  differs  with  the  specific  inductive  capacity  of  the 
substance.  Two  causes  limit  the  quantity  of  electricity  which  can 
be  accumulated.  First,  that  the  electric  tension  of  the  collecting 
plate  gradually  increases,  and  ultimately  equals  that  of  the  machine, 
which  cannot,  therefore,  impart  any  free  electricity.  The  second 
cause  is  the  imperfect  resistance  which  the  insulating  plate  offers 
to  the  recombination  of  the  two  opposite  electricities  ;  for  when  the 
force  which  impels  the  two  fluids  to  recombine  exceeds  the  resist- 
ance 'offered  by  the  insulating  plate,  it  is  perforated,  and  the  con- 
trary fluids  unite. 

433.  Iieyden  Jar. — The  ordinary  form  of  the  Leyden  jar  (429), 
or  flask,  consists  of  a  glass  bottle  of  any  convenient  size,  the  interior 


Fig.  377- 


of  which  is  either  coated  with  tin-foil  or  filled  with  thin  leaves  of 
copper,  or  with  gold-leaf.  Up  to  a  certain  distance  from  the  neck 
the  outside  is  coated  with  tinfoil.  The  neck  is  provided  with  a 
cork,  through  which  passes  a  brass  rod,  which  terminates  at  one 
end  in  a  knob,  and  communicates  with  the  metal  in  the  interior. 
The  metallic  coatings  are  called  respectively  the  iniernal  and- 
external  armatures  or  coatings.  Like  the  condenser,  the  jar  is 
charged  by  connecting  one  of  the  armatures  with  the  ground,  and 
the  other  with  the  source  of  electricity.    When  it  is  held  in  the 
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hand  by  the  external  coating,  and  the  knob  presented  to  the  con- 
ductor of  the  machine  (fig.  377)  which  is  worked,  positive  elec- 
tricity is  accumulated  on  the  inner,  and  negative  electricity  on  the 
outer  coating.  The  reverse  is  the  case  if  the  jar  is  held  by  the 
knob,  and  the  external  coating  presented  to  the  machine.  The 
explanation  of  the  action  of  the  jar  is  the  same  as  that  of  the  con- 
denser (fig.  376),  and  what  has  been  said  of  this  applies  to  the  jar, 
substituting  the  two  armatures  for  the  two  plates,  A  and  B,  of  the 
condenser. 


I  


Fig.  378. 


Like  the  condenser,  the  Leyden  jar  may  be  discharged  either 
slowly  or  instantaneously.  For  the  latter  it  is  held  in  the  hand  by 
the  outside  coating,  and  the  two  coatings  are  then  connected  by 
means  of  the  simple  discharger  (fig.  378).  Care  must  be  taken  to 
touch  yfrj/  the  external  coating  with  the  discharger,  otherwise  a 
smart  shock  will  be  felt.  To  discharge  it  slowly  the  jar  is  placed 
on  an  insulated  plate,  and  first  the  internal  and  then  the  external 
coating  touched,  either  with  the  hand  or  with  a  metallic  conductor. 
A  slight  spark  is  seen  at  each  discharge. 

Fig.  379  represents  a  very  pretty  experiment  for  illustrating  the 
slow  discharge.    The  rod  terminates  in  a  small  bell,  d,  and  the 
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Fig.  379. 


outside  coating  is  connected  with  an  upright  metallic  support,  on 
which  is  a  similar  bell,  e.   Between  the  two  bells  a  light  copper  ball 

is  suspended  by  a  silk  thread.  The 
jar  is  then  charged  in  the  usual 
manner,  and  placed  on  the  support, 
m.  The  internal  armature  contains 
a  quantity  of  free  electricity  ;  the 
pendulum  is  attracted  and  imme- 
diately repelled,  strilcing  against 
the  second  bell,  to  which  it  imparts 
its  free  electricity.  Being  now 
neutralised,  it  is  again  attracted  by 
the  first  bell,  and  so  on  for  some 
time,  especially  if  the  air  be  dry, 
and  the  jar  pretty  large. 

434  Electric  batteries. — The 
charge  which  a  Leyden  jar  can 
take  depends  on  the  extent  of  the 
coated  surface,  and  for  small  thick- 
nesses is  inversely  proportional  to 
the  thickness  of  the  insulator.  Hence  the  larger  and  thinner 
the  jar  the  more  powerful  the  charge.  But  very  large  jars  are  ex- 
pensive, and  Mable  to  break  ;  and,  when  too  thin,  the  accumulated 
electricities  are  apt  to  discharge  themselves  through  the  glass,  es- 
pecially if  this  is  not  quite  homogeneous.  Leyden  jars  have  usually 
from  5  to  3  square  feet  of  coated  surface.  For  more  powerful 
charges  electric  batteries  are  used. 

An  electric  battery  consists  of  a  series  of  Leyden  jars,  whose  in- 
ternal and  external  coatings  are  respectively  connected  with  each 
other  (fig.  380).  They  are  usually  placed  in  a  wooden  box  lined  on 
the  bottom  with  tinfoil.  This  lining  is  connected  with  two  metal 
handles  in  the  sides  of  the  box.  The  internal  coatings  are  con- 
nected with  each  other  by  metallic  rods,  and  the  battery  is  charged 
by  placing  the  internal  coatings  in  connection  with  the  prime  con- 
ductor, while  the  external  coatings  are  connected  with  the  gi'ound 
by  means  of  a  chain  fixed  to  the  handles.  A  quadrant  electrometer 
fixed  to  the  jar  serves  to  indicate  the  charge  of  the  battery.  Al- 
though there  is  a  large  quantity  of  electricity  accumulated  in  the 
apparatus  the  divergence  is  not  great,  for  it  is  simply  due  to  the  free 
electricity  on  the  internal  coating.  The  number  of  jars  is  usually 
four,  six,  or  nine.    The  larger  and  more  numerous  they  are,  the 
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longer  is  the  time  required  to  charge  the  battery,  but  the  effects  are 
so  much  the  more  powerful. 

When  a  battery  is  to  be  discharged,  the  coatings  are  connected 
by  means  of  the  discharging  rod,  the  outside  coating  being  touched 
first.  Great  care  is  required,  for  with  large  batteries  serious  acci- 
dents may  be  produced,  resulting  even  in  death. 


Fig.  380. 


435.  Condensing:  electroscope. — We  shall  conclude  this  ac- 
count of  condensers  by  describing  an  application  which  Volta  made 
of  this  principle  to  the  ordinary  gold-leaf  electroscope,  by  which  a 
far  greater  degree  of  delicacy  is  attained  (fig.  381).  The  rod  to 
which  the  gold  leaves  are  affixed,  temiinates  in  a  disc  instead  ot 
in  a  knob,  and  there  is  another  disc  of  the  same  size  provided  with 
an  insulating  glass  handle.  The  discs  are  covered  with  a  layer  of 
insulating  shellac  varnish  (fig.  381). 

To  render  very  small  quantities  of  electricity  perceptible  by  this 
apparatus,  one  of  the  plates,  which  thus  becomes  the  collecting 
plate,  is  touched  with  the  body  under  examination.  The  other 
plate,  the  condensing  plate,  is  connected  with  the  ground,  by 
touching  it  with  the  finger.  The  electricity  of  the  body,  being 
diffused  over  the  collecting  plate,  acts  inductively  through  the 
varnish  on  the  neutral  fluid  of  the  other  plate,  attracting  the 
opposite  electricity,  but  repelling  that  of  like  kind.  The  two 
electricities  thus  become  accumulated  on  the  two  plates  just  as  in 
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Epinus's  condenser,  but  there  is  no  divergence  of  the  leaves,  for  the 
opposite  electricities  counteract  each  other.  The  finger  is  now 
removed,  and  then  the  source  of  electricity,  and  still  there  is  no 
divergence  ;  but  if  the  upper  plate  be  raised  (fig.  382),  the  neutrali- 
sation ceases,  and  the  electricity  being  free  to  move  diffuses  itself 


Fig.  381.  F'g-  382. 


over  the  rod  and  the  leaves,  which  then  diverge  widely.  The 
delicacy  of  the  apparatus  is  increased  by  adapting  to  the  foot 
of  the  apparatus  two  metal  rods,  terminating  in  knobs,  for  these 
knobs  being  excited  by  induction  from  the  gold  leaves  react  upon 
them. 
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CHAPTER  V. 

VARIOUS  EFFKCTS  OF  ACCUMULATED  ELECTRICITY. 

436.  Effects  of  tlie  electric  dlschargre. — The  recombination  of 
the  two  electricities,  which  constitutes  the  electrical  discharge,  may- 
be either  continuous  or  sudden  ;  continuous,  or  of  the  nature  of  a 
current,  as  when  the  two  conductors  of  a  cylinder  machine  are 
joined  by  a  chain  or  a  wire  ;  and  siiddeti,  as  when  the  opposite 
electricities  accumulate  on  the  surface  of  two  adjacent  conductors, 
till  their  mutual  attraction  is  strong  enough  to  overcome  the 
intervening  resistances,  whatever  they  may  be.  But  the  difference 
between  a  sudden  and  a  continuous  discharge  is  one  of  degree 
and  not  of  kind,  for  there  is  no  such  thing  as  an  absolute  non- 
conductor, and  the  very  best  conductors,  the  metals,  offer  an 
appreciable  resistance  to  the  passage  of  electricity.  Still,  the 
difference  at  the  two  extremes  of  the  scale  is  sufficiently  great  to 
give  rise  to  a  wide  range  of  phenomena. 

The  phenomena  of  the  discharge  are  usually  divided  into  the 
physiological,  luminous,  heati7ig,  7nechanical,  magnetic,  and  chemical 
effects. 

437-  Physlolog-ical  effects — The  physiological  effects  are  those 
produced  on  living  beings,  or  on  those  recently  deprived  of  life,  in 
the  first  case  they  consist  of  a  violent  excitement  which  the  electric 
fluid  exerts  on  the  sensibility  and  contractibility  of  the  organic 
tissues  through  which  it  passes  ;  and  in  the  latter,  of  violent 
muscular  convulsions  which  resemble  a  return  to  life. 

The  shock  from  the  electrical  machine  has  been  already  no- 
ticed (421).  The  shock  taken  from  a  charged  Ley  den  jar,  by 
grasping  the  outer  coating  with  one  hand  and  touching  the  inner 
with  the  other,  is  much  more  violent,  and  has  a  peculiar  character. 
With  a  small  jar  the  shock  is  felt  in  the  elbow  ;  with  a  jar  of  about 
a  quart  capacity  it  is  felt  across  the  chest,  and  with  jars  of  still 
larger  dimensions  in  the  stomach. 

A  shock  may  be  given  to  a  larger  number  of  persons  simul- 
taneously by  means  of  the  Leyden  jar.  For  this  purpose  they 
must  form  a  chain  by  joining  hands.  If  then  the  first  touches  the 
outside  coating  of  a  charged  jar,  while  the  last  at  the  same  time 
touches  the  knob,  all  receive  a  simultaneous  shock,  the  intensity 
of  which  depends  on  the  charge,  and  on  the  number  of  persons 
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receiving  it.  Those  in  the  centre  of  the  chain  are  found  to 
receive  a  less  violent  shock  than  those  near  the  extremities.  The 
Abbé  Nollet  discharged  a  Leyden  jar  through  an  entire  regiment 
of  1,500  men,  all  of  whom  received  a  violent  shock  in  the  arms  and 
shoulders. 


Fig.  383. 

With  large  Leyden  jars  and  batteries  the  shock  is  sometimes 
very  dangerous.  Priestley  killed  rats  with  batteries  of  7  feet 
coated  surface,  and  cats  with  a  battery  of  about  4^  square  yards 

coating.  . 

438.  luminous  effects,    luminous  jar.— The  lummous  effects 

of  electricity  are  in  all  cases  due  to  the  combination  of  the  two 

fluids,  positive  and  negative.    Some  of  these  effects  have  already 

been  made  known  in 'describing  the  electrical  egg  ^x^A  the- magic 

pane     We  here  give  a  description  of  another  one. 

The  lumitious  jar  (fig.  384)  is  a  Leyden  jar,  whose  outer  coating 

consists  of  a  layer  of  varnish  strewed  over  with  metallic  powder. 
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A  strip  of  tin  fitted  on  the  bottom  is  connected  with  the  ground  by- 
means  of  a  chain  ;  a  second  band  at  the  upper  part  of  the  coating 


Fig.  384. 


Fig.  385. 


has  a  projecting  part,  and  the  rod  of  the  bottle  is  curved  so  that 
the  knob  is  about  |  of  an  inch  distant  from  the  projection.  This 
bottle  is  suspended  from  the  machine,  and  as  rapidly  as  this  is 
worked  large  and  brilliant  sparks  pass  between  the  knob  and  the 
outer  coating,  illuminating  the  outside  of  the  apparatus. 

439-  Heating  eflfects.— Besides  being  luminous,  the  electric 
spark  IS  a  source  of  intense  heat.  When  it  passes  through  inflam- 
mable liquids,  such  as  ether  or  alcohol,  it  ignites  them.  An 
arrangement  for  effecting  this  is  represented  in  fig.  385.  It  is  a 
small  glass  cup  through  the  bottom  of  which  passes  a  metal  rod 
termmating  in  a  knob  and  fixed  to  a  metal  foot.  A  quantity  of 
liquid  sufficient  to  cover  the  knob  is  placed  in  the  vessel.  The 
outer  coating  of  the  jar  having  been  connected  with  the  foot  by 
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means  of  a  chain,  the  spark  which  passes  when  the  two  knobs  are 
brought  near  each  other,  inflames  the  hquid.  With  ether  the 
experiment  succeeds  very  well,  but  alcohol  requires  to  be  first 
warmed. 

Coal  gas  may  also  be  ignited  by  means  of  the  electric  spark.  A 
person  standing  on  an  insulated  stool  places  one  hand  on  the 
conductor  of  a  machine  which  is  then  worked,  while  he  presents 
the  other  to  the  jet  of  gas  issuing  from  a  metallic  burner.  The 
spark  which  passes  ignites  the  gas.     This  experiment  mav  be 


Fig.  386. 

curiously  varied  by  igniting  the  gas  by  means  of  a  piece  of  ice  held 

in  the  hand.  ,    .    -,  1 

When  a  battery  is  discharged  through  a  metal  wire  it  J^ecomes 
incandescent,  and  may  be  melted  or  even  volatilised  provided  the 

charge  be  sufficiently  powerful.  ^    ,  •  v  •  ^^i^h  th^ 

For  this  experiment  an  apparatus  is  used  which  is  called  the 
nnvversal  discharger,  for  it  may  be  employed  in  a  host  of  experi- 
ments on  the  electrical  discharge.  It  consists  (tig.  386  Uvo 
brass  rods,  A  and  B,  each  insulated  on  a  glass  stem.    These  rods 
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can  slide  along  hinged  joints,  so  that  they  can  be  placed  at  any 
distance  from  each  other  and  inclined  in  any  direction.  Between 
them  is  a  small  table  support,  which  can  be  placed  at  any  height, 
and  which  is  intended  to  support  objects  which  are  to  be  sub- 
mitted to  the  action  of  the  discharge. 

To  melt  a  metal  wire  it  is  fixed  at  /  to  two  knobs  fastened  on  the 
rods,  then  connecting  one  of  these  by  means  of  a  chain  with  the 
outside  of  a  powerful  battery,  the  other  is  brought  in  contact  with 
the  inner  coating,  either  by  means  of  the  discharging  rod,  or  by 
a  chain  attached  to  a  metal  rod  fixed  on  a  glass  handle.  The 
moment  the  spark  passes  between  the  knob  and  the  battery,  the 
wire,  if  it  is  fine  enough,  is  melted  in  incandescent  globules,  and  is 
even  volatilised,  that  is,  converted  into  vapours  which  disappear  in 
the  atmosphere.  If  the  wire  is  thicker  it  simply  becomes  red  hot 
but  does  not  melt,  and  if  still  larger  it  is  merely  heated  without 
becoming  luminous. 

When  an  electric  discharge  is  sent  through  gunpowder  placed  on 
the  table  of  a  Henley's  discharger,  it  is  not  ignited,  but  is  projected 
in  all  directions.  But  if  a  wet  string  be  interposed  in  the  circuit,  a 
spark  passes  which  ignites  the  powder.  This  arises  from  the  re- 
tardation which  electricity  experiences  in  traversing  a  semi-con- 
ductor, such  as  a  wet  string  ;  for  the  heating  effect  is  proportional 
to  the  duration  of  the  discharge. 

440.  Electrical  portraits. — The  fusion  of  metals  by  the  electri- 
cal discharge  is  applied  to  make  what  are  called  electrical  portraits. 


Fip.  387. 


For  this  purpose  a  thin  card  is  taken  of  the  shape  abin,  and  the 
design  to  be  copied  is  cut  out  :  a  sheet  of  tinfoil  is  fastened  on  the 
rest  of  the  card  at  a  and  b,  but  not  at  c.  A  leaf  of  gold  is  then 
placed  upon  the  design,  care  being  taken  that  it  touches  both  the 
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pieces  of  tinfoil,  a  and  b.  Tlie  lateral  portion  of  the  card,  m,  is  then 
bent  over,  the  card  placed  on  a  silk  ribbon,  and  the  whole  pressed 
in  a  frame,  P.  When  the  discharge  is  passed  from  a  to  b,  the 
tinfoil  being  thicker  is  not  melted  ;  but  the  gold  which  is  very  thin 
is  volatilised,  and  forms  on  the  ribbon  through  the  pattern  a  brown 
coating,  which  reproduces  all  the  details,  as  seen  in  R. 

441.  Mechanical  effects. — The  mechanical  effects  are  theviolent 
lacerations,  fractures,  and  sudden  expansions  which  ensue  when  a 
powerful  discharge  is  passed  through  a  badly  conducting  substance. 
Glass  is  perforated,  wood  and  stones  are  fractured,  and  gases  and 
liquids  are  violently  disturbed.  The  mechanical  effects  of  elec- 
tricity may  be  demonstrated  by  a  variety  of  experiments.  The 
body  to  be  submitted  to  experiment  is  placed  on  the  plate,  M,  in 
contact  with  the  two  knobs  which  terminate  the  rods,  A  and  B,  so 
that  they  cannot  receive  the  discharge  without  transmitting  it  to 
the  object  on  the  table.    Thus,  for  instance,  if  a  piece  of  wood  is 


Fig.  388. 


placed  so  as  to  be  struck  in  the  direction  of  the  fibres,  it  is  smashed 
into  pieces  the  moment  the  discharge  passes. 

Fig.  388  represents  an  arrangement  for  perforating  a  piece  of 


443]  Magnetic  Effects.  47  ^ 

glass  or  card.  It  consists  of  two  glass  columns,  with  a  horizontal 
cross  piece,  in  which  is  a  pointed  conductor.  The  piece  of  glass 
is  placed  on  an  insulating  glass  support,  in  which  is  placed  a  second 
conductor,  terminating  also  in  a  point,  which  is  connected  with  the 
outside  of  the  battery,  while  the  knob  of  the  inner  coating  is  brought 
near  the  other  knob.  When  the  discharge  passes  between  the  two 
conductors  the  glass  is  perforated.  The  experiment  only  succeeds 
with  a  single  jar  when  the  glass  is  very  thin  ;  otherwise  a  battery 
must  be  used. 

442.  Chemical  effects.— The  chemical  effects  are  the  decom- 
positions and  recombinations  effected  by  the  passage  of  the  elec- 
trical discharge.  When  two  gases  which  act  on  each  other  are 
mixed  in  the  proportion  in  which  they  combine,  a  single  spark  is 
generally  necessary  to  determine  their  combination  (fig.  372)  ;  but, 
when  either  of  them  is  in  great  excess,  a  succession  of  sparks  is 
necessary.  Priestley  found,  that  when  a  series  of  electric  sparks 
was  passed  through  moist  air,  its  volume  diminished,  and  blue 
litmus  introduced  into  the  vessel  was  reddened.  This,  Cavendish 
found,  was  due  to  the  formation  of  nitric  acid. 

Among  the  chemical  effects  must  be  enumerated  the  formation 
of  ozone,  which  is  recognised  by  its  pecuhar  odour  and  by  its 
chemical  properties,  which  are  like  those  of  oxygen  but  far  more 
energetic.  The  odour  is  perceived  when  electricity  issues  through 
a  series  of  points  from  a  conductor  into  the  air.  Its  true  natui-e  is 
not  accurately  known  :  some  regard  it,  and  with  great  probability, 
as  an  allotropie  modification  of  oxygen. 

443.  Magnetic  effects. — By  the  discharge  of  a  large  Leyden 
jar  or  battery,  a  steel  wire  may  be  magnetised  if  it  is  laid  at  right 
angles  to  the  conducting  wire  through  which  the  discharge  is  passed, 
either  in  contact  with  the  wire  or  at  some  slight  distance.  And 
even  with  less  powerful  discharges  a  steel  bar  or  needle  may  be 
magnetised  by  placing  it  inside  a  tube  on  which  is  coiled  a  fine 
insulated  copper  wire.  On  passing  the  discharge  through  this  wire 
the  steel  becomes  magnetised. 
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CHAPTER  VI. 
ATMOSPHERIC  ELECTRICITY.     THUNDER  AND  LIGHTNING. 

444.  Thunder  and  llgrbtningr  tbe  effect  of  electricity. — The 

first  physicists  who  observed  the  zigzag  motion  of  the  electric  spark, 
compared  it  to  the  gleam  of  lightning,  and  its  crackling  to  the 
sound  of  thunder.  But  Franklin,  by  the  aid  of  powerful  electrical 
batteries,  firrt  established  a  complete  parallelism  between  lightning 
and  electricity  ;  and,  in  a  memoir  published  in  1749,  he  pointed  out 
the  experiments  necessary  to  attract  electricity  from  the  clouds  by 
means  of  pointed  rods.  The  electric  fluid,  said  he,  in  concluding 
his  memoir,  is  attracted  by  points  ;  we 'know  not  whether  lightning 
is  endowed  with  the  same  property  ;  but,  since  electricity  and  light- 
ning agree  in  all  other  respects,  it  is  probable  they  will  not  differ  in 
this  ;  and  the  experiment  should  be  made.  The  experiment  was 
tried  by  Dalibard  in  France  ;  and  Franklin,  pending  the  erection  of 
a  pointed  rod  on  a  spire  in  Philadelphia,  had  the  happy  idea  of  flying 
à  kite,  provided  with  a  metal  point,  which  could  reach  the  higher 
regions  of  the  atmosphere.  In  June,  1752,  during  stormy  weather, 
he  flew  the  kite  in  a  field  near  Philadelphia.  The  kite  was  flown 
with  ordinary  pack-thread,  at  the  end  of  which  Franklin  attached  a 
key,  and  to  the  key  a  silk  cord,  in  order  to  insulate  the  apparatus  ; 
he  then  fixed  the  silk  cord  to  a  tree,  and  having  presented  his  hand 
to  the  key,  at  first  he  obtained  no  spark.  He  was  beginning  to 
despair  of  success,  when  rain  having  fallen,  the  cord  became  a 
good  conductor,  and  a  spark  passed.  Franklin,  in  his  letters, 
describes  his  emotion  on  witnessing  the  success  of  the  experiment 
as  being  so  great  that  he  could  not  refrain  from  tears. 

Franklin,  who  had  discovered  the  power  of  points  (414),  but 
who  did  not  understand  its  explanation,  imagined  that  the  kite 
withdrew  from  the  cloud  its  electricity  ;  it  is,  in  fact,  a  simple  case 
of  induction,  and  depends  on  the  inductive  action  which  the 
thunder-cloud  exerts  upon  the  kite  and  the  cord. 

445.  Atmospberic  electrielty.^ — In  order  to  ascertain  the 
presence  of  electricity  in  the  atmosphere,  many  forms,  of  apparatus 
have  been  used.  To  observe  the  electricity  in  fine  weather,  when 
the  tension  is  generally  small,  an  electrometer  may  be  used,  as  de- 
vised by  Saussure  for  this  kind  of  investigation.  It  is  an  electro- 
scope similar  to  that  already  described,  but  the  rod  to  which  the 
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gold  leaves  are  fixed,  is  surmounted  by  a  conductor  two  feet  in  length, 
and  terminating  either  in  a  knob  or  a  point.  To  protect  the  appa- 
ratus against  rain,  it  is  covered  with  a  metal  shield,  four  inches  in 
diameter.  The  glass  case  is  square  instead  of  being  round,  and  a 
divided  scale  on  its  inside  face  indicates  the  divergence  of  the  gold 
leaves. 

To  ascertain  the  electricity  of  the  atmosphere,  Saussure  also  used 
a  copper  ball,  which  he  projected  vertically  with  his  hand.  This 
ball  was  fixed  to  one  end  of  a  metallic  wire,  the  other  end  of  which 
was  attached  to  a  ring,  which  could  glide  along  the  conductor  of 
the  electrometer.  From  the  divergence  of  the  gold  leaves  the 
electrical  condition  of  the  air  at  the  height  which  the  ball  had 
attained  could  be  determined.  Becquerel,  in  experiments  made 
on  Mount  St.  Bernard,  improved  Saussure's  apparatus  by  substitut- 
ing for  the  knob  an  arrow,  which  was  projected  into  the  atmosphere 
by  means  of  a  bow.  A  gilt  silk  thread,  eighty-eight  yards  long,  was 
fixed  with  one  end  to  the  arrow,  while  the  other  was  attached  to  the 
stem  of  an  electroscope. 

Sometimes  also  kites  are  used,  provided  with  a  point,  and  con- 
nected by  means  of  a  gilt  cord  with  an  electrometer.  Captive 
balloons  are  also  similarly  used. 

A  good  collector  of  atmospheric  electricity  consists  of  a  fishing 
rod  with  an  insulating  handle,  which  projects  from  an  upper 
window.  At  the  top  is  a  bit  of  lighted  tinder  held  in  metal  forceps, 
the  smoke  of  which,  being  an  excellent  conductor,  conveys  the 
electricity  of  the  air  down  a  wire  attached  to  the  rod.  A  sponge 
moistened  with  alcohol,  and  set  on  fire,  is  also  an  excellent  con- 
ductor. 

446.  Ordinary  electricity  of  the  atmosphère. — By  means  of 
the  different  apparatus  which  have  been  described,  it  has  been 
found  that  the  presence  of  electricity  in  the  atmosphere  is  not  con- 
fined to  stormy  weather,  but  that  the  atmosphere  always  contains 
free  electricity,  generally  positive  though  sometimes  negative.  When' 
the  sky  is  cloudless,  the  electricity  is'  always  positive,  but  it  varies 
in  intensity  with  the  height  of  the  locality,  and  with  the  time  of  day. 
The  intensity  is  greatest  in  the  highest  and  most  isolated  places. 
No  trace  of  positive  electricity  is  found  in  houses,  streets,  or  under 
trees;  in  towns,  positive  electricity  is  most  perceptible  in  large  open 
spaces,  on  quays,  or  on  bridges.  In  all  cases,  positive  electricity  is 
only  found  at  a  certain  height  above  the  ground.  On  flat  land  it 
only  becomes  perceptible  at  a  height  of  five  feet  ;  above  that  point 
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it  increases  according  to  a  law  wliich  is  not  made  out,  but  which 
seems  to  depend  on  the  hygrométrie  state  of  the  air. 

When  the  sky  is  clouded,  the  electricity  is  sometimes  positive 
and  sometimes  negative.  It  often  happens  that  the  electricity 
changes  its  sign  several  times  in  the  course  of  the  day,  owing  to  the 
passage  of  an  electrified  cloud.  During  storms,  and  when  it  rains 
or  snows,  the  atmosphere  may  be  positively  electrified  one  day,  and 
negatively  the  next,  and  the  numbers  of  the  two  sets  of  days  are 
virtually  equal. 

The  electricity  of  the  ground  has  been  found  by  Peltier  to  be 
always  negative,  but  to  different  extents,  according  to  the  hygromé- 
trie state  and  temperature  of  the  air. 

Many  hypotheses  have  been  propounded  to  explain  the  origin  of 
the  atmospheric  electricity.  Some  have  ascribed  it  to  the  friction 
of  the  air  against  the  ground,  some  to  the  growth  of  plants,  or  to 
the  evaporation  of  water.  Some,  again,  have  compared  the  earth 
to  a  vast  voltaic  pile,  and  others  to  a  thermo-electrical  apparatus. 
Many  of  these  causes  may,  in  fact,  concur  in  producing  the  phe- 
nomena. 

447.  Iiigrbtning:. — This,'  as  is  well  known,  is  the  dazzling  light 
emitted  by  the  electric  spark  when  it  shoots  from  clouds  charged 
with  electricity.  In  the  lower  regions  of  the  atmosphere  the  light 
is  white,  but  in  the  higher  regions,  where  the  air  is  more  rarefied,  it 
takes  a  violet  tint  ;  as  does  the  spark  of  the  electrical  machine  in  a 
rarefied  medium  (425). 

The  flashes  of  lightning  are  sometimes  several  miles  in  length; 
they  generally  pass  through  the  atmosphere  in  a  zigzag  direction  ;  a 
phenomenon  ascribed  to  the  resistance  offered  by  the  air  condensed 
by  the  passage  of  a  strong  discharge.  The  spark  then  diverges 
from  a  right  line,  and  takes  the  direction  of  least  resistance.  In 
vacuo  electricity  passes  in  a  straight  line. 

Several  kinds  of  lightning  flashes  maybe  distinguished  :  i.  The 
zigzag  flashes,  which  move  with  extreme  velocity  in  the  form  of  a 
line  of  fire  with  sharp  outlines,  and  which  closely  resemble  the 
spark  of  an  electrical  machine.  2.  The  flashes  which,  instead  of 
being  linear,  like  the  preceding,  fill  the  entire  horizon  without  having 
any  distinct  shape.  This  kind,  which  is  most  frequent,  appears  to 
be  produced  in  the  cloud  itself,  and  to  illuminate  the  mass.  Another 
kind  is  called  heat  lightning,  because  it  illuminates  the  summer 
nights  without  the  presence  of  any  clouds  above  the  horizon,  and 
without  producing  any  sound.    The  most  probable  of  the  many  hy- 
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potheses  which  have  been  proposed  to  account  for  its  origin,  is  that 
which  supposes  it  to  consist  of  ordinary  hghtning  flashes,  which 
strike  across  the  clouds  at  such  distances  that  the  rolling  of  thunder 
cannot  reach  the  ear  of  the  observer.  There  are,  further,  the  light- 
ning flashes  which  appear  in  the  form  of  globes  of  fire.  These, 
which  are  sometimes  visible  for  as  much  as  ten  seconds,  descend 
from  the  clouds  to  the  earth  with  such  slowness  that  the  eye  can 
follow  them.  They  often  rebound  on  reaching  the  ground  ;  at  other 
times  they  burst  and  explode  with  a  noise  like  that  of  the  report  of 
many  cannon.    This  is  sometimes  known  as  globe  lightning. 

The  duration  of  the  light  of  the  first  three  kinds  does  not  amount 
to  a  thousandth  of  a  second,  as  has  been  determined  by  Wheat- 
stone  by  means  of  a  rotating  wheel,  which  was  turned  so  rapidly 
that  the  spokes  were  invisible  ;  on  illuminating  it  by  the  lightning- 
flash,  its  duration  was  so  short  that  whatever  the  velocity  of  rotation 
of  the  wheel,  it  appeared  quite  stationary  ;  that  is,  its  displacement 
is  not  perceptible  during  the  time  the  lightning  exists. 

448.  Tbunder. — Tliujider  is  the  violent  report  which  succeeds 
lightning  in  stormy  weather.  The  lightning  and  the  thunder  are 
always  simultaneous,  but  an  interval  of  several  seconds  is  always 
observed  between  these  two  phenomena,  which  arises  from  the  fact 
that  sound  only  travels  at  the  rate  of  about  1,100  feet  in  a  second 
(162),  while  the  passage  of  light  is  almost  instantaneous.  Hence  an 
observer  will  only  hear  the  noise  of  thunder  five  or  six  seconds,  for 
instance,  after  the  hghtning,  according  as  the  distance  of  the 
thunder-cloud  is  five  or  six  times  1,100  feet.  The  noise  of  thunder 
arises  from  the  disturbance  which  the  electric  discharge  produces 
in  the  air.  Near  the  place  where  the  lightning  strikes,  the  sound  is 
hard  and  of  short  duration.  At  a  greater  distance  a  series  of  reports 
are  heard  in  rapid  succession.  At  a  still  greater  distance  the  noise, 
feeble  at  the  commencement,  changes  into  a  prolonged  rolling 
sound  of  varying  intensity.  Some  attribute  the  noise  of  the  rolling 
of  thunder  to  the  reflection  of  sound  from  the  ground  and  from  the 
clouds.  Others  have  considered  the  lightning  not  as  a  sii)gle  dis- 
charge, but  as  a  series  of  discharges,  each  of  which  gives  rise  to  a 
particular  sound.  But  as  these  partial  discharges  proceed  from 
points  at  different  distances,  and  from  zones  of  unequal  density,  it 
follows  not  only  that  they  reach  the  ear  of  the  observer  succes- 
sively, but  that  they  bring  sounds  of  unequal  density,  which  occa- 
sion the  duration  and  inequality  of  the  rolling.  The  phenomenon 
has  finally  been  ascribed  to  the  zigzags  of  lightning  themselves. 
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assuming  that  the  air  at  each  salient  angle  is  at  its  greatest 
compression,  which  would  produce  the  unequal  intensity  of  the 
sound. 

449.  Effects  of  ligrbtningr. — The  lightning  discharge  is  the 
electric  discharge  which  strikes  between  a  thunder-cloud  and  the 
ground.  The  latter,  by  the  induction  from  the  electricity  of  the 
cloud,  becomes  charged  with  contrary  electricity,  and  when  the 
tendency  of  the  two  electricities  to  combine  exceeds  the  resistance 
of  the  air,  the  spark  passes,  which  is  often  expressed  by  saying  that 
a  thunder-bolt  has  fallen.  Lightning  in  general  strikes  from  above, 
but  ascejiding  lightning  is  also  sometimes  observed  ;  possibly  this 
is  the  case  when  the  clouds  being  negatively,  the  earth  is  positively 
electrified,  for  experiments  show  that  at  the  ordinary  pressure  the 
positive  electricity  passes  through  the  atmosphere  more  easily  than 
negative  electricity. 

From  the  law  of  electric  attraction  (which  is,  that  it  is  inversely 
as  the  square  of  the  distance),  the  discharge  ought  to  fall  first  on 
the  nearest  and  best-conducting  objects,  and,  in  fact,  trees,  elevated 
buildings,  metals,  are  more  particularly  struck  by  the  discharge. 
Hence  it  is  imprudent  to  stand  under  trees  during  a  thunder 
storm. 

The  effects  of  lightning  are  very  varied,  and  of  the  same  kind  as 
those  of  batteries  (434),  but  of  far  greater  intensity.  The  lightning 
discharge  kills  men  and  animals,  inflames  combustible  matters, 
melts  metals,  breaks  bad  conductors  in  pieces.  When  it  pene- 
trates the  ground  it  melts  the  siliceous  substances  on  its  path,  and 
thus  produces  in  the  direction  of  the  discharge  those  remarkable 
vitrified  tubes  called  fn/gurites,  some  of  which  are  as  much  as  twelve 
yards  in  length.  When  it  strikes  bars  of  iron,  it  magnetises  them, 
and  it  often  reverses  the  poles  of  compass  needles. 

After  the  passage  of  lightning,  a  highly  peculiar  odour  is  some- 
times produced,  hke  that  perceived  in  a  room  in  which  an  electrical 
machine  is  being  worked.  This  odour  is  due  to  the  formation  of 
a  pecuhar  oxygenised  compound,  to  which  the  name  oso7ie  has 
been  given  ;  this,  we  have  seen,  is  considered  to  be  a  pecuhar 
allotropie  modificatio»  of  oxygen. 

Many  persons  have  an  undue  fear  of  the  effects  of  the  light- 
ning discharge.  This  fear  would  be  diminished  if  we  remembered 
the  very  small  number  of  persons  who  are  really  killed  by  light- 
ning. Arago  has  estimated  the  number  for  France  at  twenty  in 
a  year  ;  this  is,  one, victim  for  two  million  inhabitants  ;  which  is 
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a  far  less  proportion  than  that  of  many  other  accidents  which  do 
not  excite  nearly  so  much  fear. 

450.  Return  shock.— This  is  a  violent  and  sometimes  fatal  shock 
which  men  and  animals  experience,  even  when  at  a  great  distance 
from  the  place  where  the  lightning-  discharge  passes.  It  is  caused 
by  the  inductive  action  which  the  thunder-cloud  exerts  on  bodies 
placed  within  the  sphere  of  its  activity.  These  bodies  are  then, 
like  the  ground,  charged  with  the  opposite  electricity  to  that  of 
the  cloud  ;  but  when  the  latter  is  discharged  by  the  recombination 
of  its  electricity  with  that  of  the  ground,  the  induction  ceases, 
and  the  bodies  reverting  rapidly  from  the  electrical  state  to  the 
neutral  state,  the  concussion  in  question  is  produced,  the  reUirtt 
shock.  A  more  gradual  decomposition  and  reunion  of  the  electricity 
produces  no  visible  effects  ;  yet  it  is  not  improbable  that  such  disturb- 
ances of  the  electrical  equilibrium  are  perceived  by  nervous  persons. 

The  return  shock  is  always  less  violent  than  the  direct  one  ; 
there  is  no  instance  of  its  having  produced  any  inflammation, -yet 
plenty  of  cases  in  which  it  has  killed  both  men  and  animals  ;  in 
such  cases  no  broken  limbs,  wounds,  or  burns  are  observed. 

The  return  shock  may  be  imitated  by  placing  a  gold-leaf  elec- 
troscope connected  by  a  wire  with  the  ground  near  the  prime 
conductor  of  a  powerful  electrical  machine  in  action  ;  the  leaves 
diverge,  but  at  each  spark  taken  from  the  machine,  they  sud- 
denly collapse. 

451.  Xiigrbtning'  conductor  The  ordinary  form  of  this  instru- 
ment is  an  iron  rod,  through  which  passes  the  electricity  of  the 
ground  attracted  by  the  opposite  electricity  of  the  thunder-clouds. 
It  was  invented  by  Franklin  in  1755. 

There  are  two  principal  parts  in  a  lightning  conductor  :  the  rod 
and  the  conductor.  The  rod  (fig.  389)  is  a  pointed  bar  of  iron, 
fixed  vertically  to  the  roof  of  the  edifice  to  be  protected  ;  it  is  from 
six  to  ten  feet  in  height,  and  its  basal  section  is  about  two  or  three 
inches  in  diameter.  The  conductor  is  a  bar  of  iron  which  descends 
from  the  bottom  of  the  rod  to  the  ground,  which  it  penetrates  to 
some  distance.  As,  in  consequence  of  their  rigidity,  iron  bars 
cannot  always  be  well  adapted  to  the  exterior  of  buildings,  lightning 
conductors  are  best  formed  of  wire  cords,  such  as  are  used  for  rig- 
ging and  for  suspension  bridges.  The  conductor  is  usually  led  into 
a  well,  and  to  connect  it  belter  with  the  soil  it  ends  in  two  or  three 
l^ranches.  If  there  is  no  well  close  at  hand,  a  hole  is  dug  in  the 
soil  to  a  depth  of  six  or  seven  feet,  or  to  a  depth  at  which  the 


478 


Frictional  Electricity. 


[451 


ground  is  moist,  and  the  foot  of  the  conductor  having  been  intro- 
duced, the  hole  is  filled  with  powdered  coke. 

As  the  action  of  a  lightning  conductor  depends  on  induction  and 
the  power  of  points  (414),  Franklin,  as  soon  as  he  had  established 
the  identity  of  lightning  and  electricity,  assumed  that  lightning  con- 
ductors withdrew  electricity  from  the  clouds  ;  the  converse  is  the 
case.  When  a  storm-cloud,  positively  electrified,  for  instance,  rises 
in  the  atmosphere,  it  acts  inductively  on  the  earth,  repels  the  posi- 
tive and  attracts  the  negative  fluid,  which  accumulates  in  bodies 
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placed  on  the  surface  of  the  soil  the  more  abundantly  as  these 
bodies  are  at  a  greater  height.  The  tension  is  then  greatest  on  the 
highest  bodies,  which  are  therefore  most  exposed  to  the  electric 
discharge  ;  but  if  these  bodies  are  provided  with  metaUic  points, 
like  the  rods  of  conductors,  the  negative  fluid,  withdrawn  from  the 
ground  by  the  influence  of  the  cloud,  flows  into  the  atmosphere,  and 
neutrahses  the  positive  fluid  of  the  cloud.  Hence,  not  only  does  a 
lightning  conductor  tend  to  prevent  the  accumulation  of  electricity 
on  the  surface  of  the  earth,  but  it  also  tends  to  restore  the  clouds  to 
their  natural  state,  both  which  actions  concur  in  preventing  lightning 
discharges.  The  disengagement  of  electricity  is,  however,  some- 
times so  abundant,  that  the  lightning  conductor  is  inadequate  to 
discharge  the  ground,  and  the  lightning  strikes  ;  but  the  conductor 
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receives  the  discharge,  in  consequence  of  its  greater  conductivity, 
and  the  building  is  preserved. 

It  is  stated  that,  approximately,  a  lightning  conductor  pro- 
tects a  circular  space  around  it,  the  radius  of  which  is  double  its 
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height.  Thus  a  building,  sixty-four  yards  in  length,  would  be  pre- 
served by  two  rods  eight  yards  in  height,  at  a  distance  of  thirty-two 
yards. 

A  very  simple,  and  at  the  same  time  efficient,  hghtning  conductor 
may  be  easily  fitted  to  any  ordinary  dwelling-house.  It  consists  of 
a  length  of  iron  tubing  about  an  inch  in  diameter,  which  at  the 
bottom  is  connected  with  the  drains  of  the  house,  and  projects 
above  the  highest  point  of  the  building,  and  which  may,  if  desired, 
have  a  pointed  rod  attached  to  the  top.  By  being  connected  with 
the  drains  it  serves  the  useful  purpose  of  ventilating  them,  while  at 
the  same  time  their  moisture  serves  to  establish  a  good  connection 
with  the  earth. 

Some  electricians  consider  that  ordinary  No.  8  iron  wire,  con- 
nected suitably  with  a  point  and  with  the  ground,  serves  as  an 
efficient  protection  for  a  building. 
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452.  Aurora  borealls. — The  aurora  borealis,  or  northern  light, 
or  more  properly  polar  aurora,  is  a  remarkable  luminous  phe- 
nomenon which  is  frequently  seen  in  the  atmosphere  at  the  two 
terrestrial  poles,  but  more  especially  at  the  north  pole.  At  the 
close  of  the  day  an  indistinct  light  appears  in  the  horizon  in  the 
direction  of  the  magnetic  meridian.  This  luminosity  gradually 
changes  into  a  regular  arc  of  a  pale  yellow  with  its  coiKave  side 
turned  towards  the  earth.  Finally,  the  rays  burst  all  over  the  hori- 
zon, passing  necessarily  from  yellow  to  deep  green,,  and  to  the  most 
brilliant  purple.  All  these  rays  converge  towards  one  point  of  the 
horizon,  which  is  in  the  prolongation  of  the  line  of  the  dipping  needle, 
and  they  form  then  a  fragment  of  an  immense'luminous  cupola. 


Fig.  391. 


When  the  luminous  arc  is  formed  it  often  remains  visible  for 
some  hours  ;  then  the  lustre  diminishes,  the  colours  disappear,  and 
this  brilliant  phenomenon  gradually  diminishes,  or  is  suddenly 
extinguished. 

Numerous  hypotheses  have  been  devised  to  account  for  the 
aurorte  boréales.  The  constant  direction  of  their  arc  as  regards  the 
magnetic  meridian,  and  their  action  on  the  magnetic  needle  (398), 
show  that  they  ought  to  be  attributed  to  electric  currents  in  the 
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higher  regions  of  the  atmosphere.  This  hypothesis  is  confimied  by 
the  circumstance  that  during  the  prevalence  of  the  aurora  borealis, 
electric  telegraph  lines  are  spontaneously  affected  in  a  powerful 
but  irregular  manner  ;  needles  are  deflected,  armatures  attracted, 
and  alarums  rung.  This  interference  is  at  times  so  serious,  espe- 
cially in  northern  countries,  that  it  is  necessary  to  suspend  the 
ordinary  transmission  of  messages. 

According  to  De  la  Rive,  the  aurorœ  boréales  are  due  to 
electric  discharges  which  take  place  in  polar  regions  between  the 
positive  electricity  of  the  atmosphere  and  the  negative  electricity  of 
the  terrestrial  globe  ;  electricities  which  themselves  are  separated 
by  the  action  of  the  sun,  principally  in  the  equatorial  regions. 

In  Chapter  XII.  an  experiment  will  be  described  which  De  la 
Rive  has  devised  in  support  of  this  hypothesis. 

453.  St.  Elmo's  fire.— This  name  is  given  by  sailors  to  the 
luminous  brushes  or  stars  which  sometimes  appear  at  the  tops  of 
masts  and  yards  of  vessels,  and  which  are  often  accompanied  by 
a  crackling  sound,  resembling  that  heard  when  sparks  are  taken 
from  electrical  machines. 

These  luminous  effects  were  known  to  the  ancients.  Pliny 
speaks  of  the  fiery  stars  seen  on  the  ends  of  soldiers'  lances.  Wheii 
they  were  two  innuntber  they  were  compared  to  Castor  and  Pollux, 
and  that  was  a  favourable  presage  ;  if  only  one  appeared,  it  was 
likened  to  their  sister  Helena,  which  was  considered  a  bad  omen. 

St,  Elmo's  fire  is  a  simple  case  of  induction.  The  atmospheric 
electricity  acting  on  conductors  decomposes  the  neutral  fluid  at- 
tracting the  contrary  electricity  ;  which,  from  the  power  of  points 
being  liberated  at  the  extremities  of  the  masts,  or  by  the  metal  of 
the  lances,  gives  rise  to  the  luminous  brush.  The  same  effect  is 
observed  when,  placing  a  metal  point  on  the  conductors  of  the  elec- 
trical machine,  it  is  made  to  work  in  darkness. 

454-  Atmospheric  electricity  on  the  Pyramids.  —  Some 
curious  observations  were  made  by  Siemens  on  the  summit  of  the 
Cheops  pyramid  during  the  prevalence  of  the  kamsin  (292)  On 
holding  his  finger  out  a  peculiar  hissing  sound  was  heard,  and  at 
the  sanie  tune  a  prickly  sensation  was  felt.  On  holding  in  one 
hand  a  filled  champagne  bottle,  the  cork  of  which  was  coafed  with 
tinfoil,  the  same  sound  was  heard,  and  sparks  continually  passed 
rom  the  label  to  the  hand  which  held  the  flask,  and  when  Siemens 
hock  experienced  a  powerfu 
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In  this  case  the  liquid  which  was  in  conducting  communication 
with  the  cork  formed  the  inner  coating  of  a  Leyden  jar,  the  outer 
coating  of  which  was  formed  by  the  label  and  by  the  hand. 

When  the  jar  was  improved  by  coating  it  with  moistened  paper 
it  gave  such  powerful  discharges,  with  a  striking  distance  of  half  an 
inch,  that  an  Arab  who  held  Siemens'  hand  was  thrown  to  the 
ground  as  if  struck  by  lightning,  when  Siemens  presented  the  bottle 
to  his  nose. 


CHAPTER  VII. 


ELECTRICITY  DUE  TO  CHEMICAL  ACTION.     VOLTAIC  BATTERY. 

455.  Galvani's  experiment.— We  have  already  seen  that  the 
two  most  powerful  sources  of  electricity  are  friction  and  chemical 

combination.  Having  de- 
scribed the  former,  we 
are  now  to  be  concerned 
with  the  latter.  Yet  we 
may  premise  that  this  is 
not  a  new  kind  of  elec- 
tricity, but  only  another 
method  for  its  production 
far  more  abundant  than 
friction,  and  leading  to  the 
most  remarkable  effects. 

To  Galvani,  professor 
of  anatomy  in  Bologna, 
is  due  the  discovery  in 
1790  of  these  new  elec- 
trical phenomena,  to 
which  he  was  led  by  a 
casual  observation.  It 
is  said  that  a  dead  frog 
was  accidentally  sus- 
pended by  a    hook  of 


Fig.  39=- 


copper  to  the  iron  railings  of  a  balcony  ;  it  was  observed  to  be 
violently  contracted  whenever  the.  legs  of  the  animal  came  m  con- 
tact with  the  iron  bars. 


-456] 


Voltcis  Fundamental  Experiment. 


483 


Galvani's  observation  may  be  reproduced  in  the  following  man- 
ner :  the  legs  of  a  recently  killed  frog  are  prepared,  and  suspended 
to  a  copper  hook,  which  passes  between  the  vertebral  column 
and  the  nerve  filaments  on  each  side  of  it.  If  then  the  copper 
support  and  the  legs  are  momentarily  connected  by  a  plate  of 
zinc,  a,t  each  contact  a  smart  contraction  of  the  muscles  ensues  (fig. 
392).  Galvani  had  some  time  before  observed  that  the  electricity 
of  machines  produced  in  dead  frogs  analogous  contractions,  and 
he  attributed  the  phenomena  first  described  to  an  electricity  in- 
herent in  the  animal.  He  assumed  that  this  electricity,  which 
he  called  vital  fluid,  passed  from  the  nerves  to  the  muscles  by 
the  metallic  arc,  and  was  thus  the  cause  of  contraction.  This 
theory  met  with  great  support,  especially  among  physiologists,  but 
it  was  not  without  opponents.  The  most  considerable  of  these 
was  Alexander  Volta,  professor  of  physics  in  Pavia. 

456.  Volta's  fundamental  experiment. — Galvani's  attention 
had  been  exclusively  devoted  to  the  nerves  and  muscles  of  the  frog; 
Volta's  was  directed  upon  the  conrfecting  metal.  Resting  on  the 
observation,  which  Galvani  had  also  made,  that  the  contraction  is 
more  energetic  when  the  connecting  arc  is  composed  of  two  metals 
than  when  there  is  only  one,  Volta  attributed  to  the  metals  the 
active  part  in  the  phenomenon  of  contraction.  He  assumed  that 
the  disengagement  of  electricity  was  due  to  their  contact,  and  that 
the  animal  parts  only  officiated  as  conductors,  and  at  the  same 
time  as  a  very  sensitive  electroscope. 

By  means  of  the  then  recently  invented  electroscope,  Volta 
devised  several  modes  of  showing  the  disengagement  of  electricity 
on  the  contact  of  metals,- of  which  the  following  is  the  easiest  to 
perform  : 

The  moistened  finger  being  placed  on  the  upper  plate  of  a  con- 
densing electroscope  (fig.  381),  the  lower  plate  is  touched  with  a 
plate  of  copper,  c,  soldered  to  a  plate  of  zinc,  z,  which  is  held  in 
the  other  hand.  On  breaking  the  connection  and  lifting  the  upper 
plate  (fig.  382),  the  gold  leaves  diverge,  and,  as  may  be  proved,  with 
negative  electricity.  Hence,  when  soldered  together,  the  copper 
is  charged  with  negative  electricity,  and  the  zinc  with  positive  elec- 
tricity. The  electricity  could  not  be  due  either  to  friction  or  pres- 
sure ;  for  if  the  condenser  plate,  which  is  of  copper,  is  touched  with 
the  zinc  plate,  z,  the  copper  plate  to  which  it  is  soldered  being  held 
in  the  hand,  no  trace  of  electricity  is  observed. 

A  memorable  controversy  arose  between  Galvani  and  Volta. 
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The  latter  was  led  to  give  greater  extension  to  his  contact  theory, 
and  propounded  the  principle,  that  when  two  heterogeneous  sub- 
stances are  placed  in  contact,  one  of  them  always  assumes  the  post- 
live  and  the  other  the  negative  electrical  condition.  In  this  form 
Volta's  theory  obtained  the  assent  of  the  principal  philosophers  of 
his  time. 

457.  Voltaic  pile.— Reasoning  from  this  theory  of  contact,  Volta 
was  led  in  1800  to  the  invention  of  the  marvellous  instrument  which 


Fig.  393- 

immortalised  him,  and  which  is  known  to  this  day  as  Voltaic 
Pile.  Wishing  to  multiply  the  points  of  contact,  and  to  collect  the 
electricities  produced  by  each,  Volta  arranged,  as  represented  in 
fi-ure  393,  a  disc  of  zinc,  a  disc  of  copper,  then  a  round  piece  of 
cloth  moistened  with  acidulated  water,  then  again  a  disc  of  zinc, 
a  disc  of  copper,  a  piece  of  cloth,  and  so  forth,  care  being  tadcen 
always  to  preserve  the  same  order.  What  was  to  be  expected  from 
such'a  combination  ?  Arago  says,  '  1  do  not  hesitate  to  asser^  tha 
this  mass  so  inert  in  appearance,  this  pile  of  so  many  couples  of 
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metal  separated  by  a  little  liquid,  is,  as  regards  the  singularity  of 
its  effects,  the  most  remarkable  instrument  which  has  ever  been  m- 
vented,  without  even  excepting  the  telescope  and  the  steam  engine.' 

On  Volta's  view  the  union  of  one  zinc  and  one  copper  forms  a 
couple  ;  in  the  above  figure  twenty  couples  are  superposed,  separated 
from  each  other  by  pieces  of  cloth,  and  all  arranged  in  the  same 
order,  so  that  one  extremity  terminates  in  a  disc  of  copper,  and  the 
other  in  a  disc  of  zinc.  Since  its  invention  it  has  been  greatly 
modified  ;  but  the  general  name  of  pile  has  been  retained  for  all 
apparatus  of  the  same  kind,  and  the  electricity  furnished  by  piles  is 
spoken  of  as  voltaic  electricity. 

458.  Disengagement  of  electricity  in  chemical  actions. — 
The  contact  theory  which  Volta  had  propounded,  and  in  which  he 
explained  the  action  of  the  pile,  soon  encountered  objectors. 
Fabroni,  a  countryman  of  Volta,  having  observed  that  in  the  pile 
the  discs  of  zinc  became  oxidised  in  contact  with  the  acidulated 
water,  thought  that  this  oxidation  was  the  principal  cause  of  the  dis- 
engagement of  electricity.  In  England  VVollaston  soon  advanced 
the  same  opinion,  and  Davy  supported  it  by  many  ingenious  experi- 
ments. 

It  is  true  that  in  the  fundamental  experiment  of  the  contact 
theory  (457)  Volta  obtained  signs  of  electricity.  But  De  la  Rive 
showed,  that  if  the  zinc  be  held  in  a  wooden  clamp,  all  signs  of 
electricity  disappear,  and  that  the  same  is  the  case  if  the  zinc  be 
placed  in  gases,  such  as  hydrogen  or  nitrogen,  which  exert  upon  it 
no  chemical  action.  De  la  Rive  accordingly  concluded,  that  in 
Volta  s  original  experiment  the  disengagement  of  electricity  is  due 
to  the  chemical  actions  which  result  from  the  perspiration  and  from 
the  oxygen  of  the  atmosphere. 

By  a  variety  of  analogous  experiments  it  may  be  shown,  that  all 
chemical  actions  are  accompanied  by  a  disturbance  of  the  electrical 
equilibrium.  This  is  the  case  whether  the  substances  concerned  in 
the  action  are  in  the  solid,  liquid,  or  gaseous  state,  though  of  all 
chemical  actions  those  between  metals  and  liquids  are  the  most 
productive  of  electricity.  All  the  various  resultant  effects  may  be 
explained  on  the  general  principle,  that  when  a  liquid  acts  che- 
mically on  a  metal  the  liquid  assumes  positive  electrical,  and  the 
metal  the  ?iegalive  electrical  condition. 

Hence  we  arrive  at  a  theory  of  the  origin  of  electricity  in  the 
voltaic  pile  which  will  be  best  illustrated  by  reference  to  the  follow- 
ing simple  experiment. 
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459.  Current  electricity. — When  a  plate  of  zinc,  and  a  plate 
of  copper  are  partially  immersed  in  dilute  sulphuric  acid,  by  means 

of  delicate  electroscopic  arrangements  it 
may  be  shown  that  the  zinc  plate  pos- 
sesses a  feeble  charge  of  negative  and 
the  copper  plate  a  feeble  charge  of  posi- 
tive electricity.     At  the  same  time  there 
is  a  slight  disengagement  of  hydrogen 
gas  from  the  surface  of  the  zinc.    If  now 
the  plates  be  placed  in  direct  contact, 
or,  more  conveniently,  be  connected  by 
means  of  a  metal  wire,  the  chemical 
action  increases,  but  the  hydrogen  is  now 
disengaged  from  the  surface  of  the  copper 
(fig.  394)  ;  and  if  the  connecting  wire  be  examined  it  will  be  found 
to  possess  the  remarkable  properties  characteristic  of  the  discharge 
of  opposite  electricities.   So  long  as  the  metals  remain  in  the  liquid, 
the  opposite  electrical  conditions  of  the  two  plates  discharge  them- 
selves by  means  of  the  wire,  but  are  instantaneously  restored,  and 
as  rapidly  discharged  ;  and  as  these  successive  charges  and  dis- 
charges take  place  at  such  infinitely  small  intervals  of  time  that 
they  may  be  considered  continuous,  the  wire  is  said  to  be  traversed 
by  an  electric  or  voltaic  current.    The  direction  of  this  current  in 
the  connecting  wire  is  assumed  to  be  from  the  copper  to  the  zinc  ; 
or,  in  other  words,  this  is  the  direction  in  which  the  positive  elec- 
tricity is  supposed  to  flow,  the  direction  of  the  negative  current  in 
the  wire  being  from  the  zinc  to  the  copper.    But  the  existence  of 
this  current  is  purely  hypothetical,  and  must  not  be  taken  as  more 
than  a  convenient  mode  of  explaining  the  phenomena  developed  in 
the  wire. 

460.  Voltaic  couple.  Electromotive  series.  The  arrange- 
ment just  described,  consisting  of  two  metals  in  metallic  contact 
and  a  conducting  liquid  in  which  they  are  placed,  constitutes  a 
simple  voltaic  element  or  couple.  So  long  as  the  metals  are  not 
in  contact,  the  couple  is  said  to  be  open  ;  when  they  are  connected 
either  by  being  placed  in  direct  contact,  or  by  the  intervention  of 
a  conductor,  it  is  said  to  be  closed. 

For  the  production  of  a  voltaic  current  it  is  not  necessarj-  that 
one  of  the  metals  be  unaffected  by  the  liquid,  but  merely  that  the 
chemical  action  upon  the  one  be  greater  than  upon  the  other.  The 
metal  which  is  most  attacked  is  called  the  positive  or  generating 
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plate,  and  that  which  is  least  attacked  the  negative  or  collecting 
plate!  The  positive  metal  determines  the  direction  of  the  current, 
which  proceeds  in  the  liquid  from  the  positive  to  the  negative  plate, 
and  out  of  the  liquid  through  the  connecting  wire  from  the  negative 
to  the  positive  plate. 

In  speaking  of  the  direction  of  the  current  the  positive  current 
is  always  understood  ;  to  avoid  confusion,  the  existence  of  the 
current  in  the  opposite  direction,  the  negative  current,  is  tacitly 
ignored. 

As  a  voltaic  current  is  produced  whenever  two  metals  are  placed 
in  metaUic  contact  in  a  liquid  which  acts  more  powerfully  upon  one 
than  upon  the  other,  there  is  great  choice  in  the  mode  of  producing 
such  currents.  In  reference  to  their  electrical  deportment,  the 
metals  have  been  arranged  in  what  is  called  an  electromotive  series, 
in  which  the  most  electropositive  are  at  one  end,  and  the  most 
electronegative  at  the  other.  Hence  when  any  two  of  these  are 
placed  in  contact  in  dilute  acid,  the  current  in  the  connecting  wire 
proceeds  from  the  one  lower  in  the  list  to  the  one  higher.  The 
principal  metals  are  as  follows  : — 

1.  Zinc  4.  Nickel  7.  Gold 

2.  Lead  s.  Copper  8.  Platinum 

3.  Iron  6.  Silver  9.  Graphite 

Thus  iron  placed  in  dilute  sulphuric  acid  is  electronegative 
towards  zinc,  but  is  electropositive  towards  copper  ;  copper  in  turn 
is  electronegative  towards  iron  and  zinc,  but  is  electropositive 
towards  silver,  platinum,  or  graphite. 

The  force  produced  by  the  difference  in  chemical  action  on  two 
metals  in  a  liquid  is  called  the  electromotive  force  ;  it  is  greater  in 
proportion  to  the  distance  of  the  two  metals  from  one  another  in  the 
series.  That  is  to  say,  it  is  greater,  the  greater  the  difference 
between  the  chemical  action  upon  the  two  metals  immersed.  Thus 
the  electromotive  force  between  zinc  and  platinum  is  greater  than 
that  between  zinc  and  iron,  or  between  zinc  and  copper. 

461.  Poles  and  electrodes. — If  the  wire  connecting  the  two 
terminal  plates  of  a  voltaic  couple  be  cut,  it  is  clear,  from  what  has 
been  said  about  the  origin  and  direction  of  the  current,  that  positive 
electricity  will  tend  to  accumulate  at  the  end  of  the  wire  attached 
to  the  copper  or  negative  plate,  and  negative  electricity  on  the  wire 
attached  to  the  zinc  or  positive  plate.  These  terminals  have  been 
called  the  poles  of  the  battery.    For  experimental  purposes,  more 
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especially  in  the  decomposition  of  salts,  plates  of  platinum  are 
attached  to  the  ends  of  the  wires.  Instead  of  the  term  poles,  the 
word  electrode  {fjXeKTpov  and  oSôy,  a  way)  is  now  commonly  used  ; 
for  these  are  the  ^uaj's  through  which  the  respective  electricities 
emerge.  It  is  important  not  to  confound  the  positive  plate  with  the 
positive  pole  or  electrode.  The  positive  electrode  is  that  connected 
with  the  negative  plate,  while  the  negative  electrode  is  connected 
with  the  positive  plate. 

462.  Voltaic  battery. — When  a  series  of  voltaic  elements  or 
pairs  are  arranged  in  such  a  manner  that  the  zinc  of  one  element  is 
connected  with  the  copper  of  another,  the  zinc  of  this  with  the 
copper  of  another,  and  so  on,  such  an  arrangement  is  called  a  vol- 
taic battery  ;  and  by  its  means  the  effects  produced  by  a  single 
element  are  capable  of  being  very  greatly  increased. 


The  earliest  of  these  arrangements  was  the  voltaic  pile  devised 
by  Volta  himself. 

It  will  be  readily  seen  that  it  is  merely  a  series  of  simple  voltaic 
couples,  the  moistened  disc  acting  as  the  hquid,  and  that  the 
terminal  zinc  is  the  negative  and  the  terminal  copper  the  positive 
pole.  From  the  mode  of  its  arrangement,  and  from  its  discoverer, 
the  apparatus  is  known  as  the  voltaic  pile  (457),  a  term  applied  to 
all  apparatus  of  this  kind  for  accumulating  the  effects  of  dpiamical 
electricity. 

The  distribution  of  electricity  in  the  pile  varies  according  as  it  is 
in  connection  with  the  ground  by  one  of  its  extremities,  or  as  it  is 
insulated  by  being  placed  on  a  non-conducting  cake  of  resin  or  glass. 


Fig.  395- 


Fig.  396. 
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In  the  former  case,  the  end  in  contact  with  the  ground  is  neutral, 
and  the  rest  of  the  apparatus  only  contains  one  kind  of  electricity  ; 
this  is  negative  if  a  copper  disc  is  in  contact  with  the  ground,  and 
positive  if  it  is  a  zinc  disc. 

In  the  insulated  pile  the  electricity  is  not  uniformly  distributed. 
By  means  of  the  proof-plane  and  the  electroscope  it  may  be  de- 
monstrated that  the  middle  part  is  in  a  neutral  state,  and  that  one- 
half  is  charged  with  positive  and  the  other  with  negative  electricity, 
the  tension  increasing  from  the  middle  to  the  ends.  The  half 
terminated  by  a  zinc  is  charged  with  negative  electricity,  and  that 
by  a  copper  with  positive  electricity.  The  effects  of  the  pile  will 
be  discussed  in  other  places. 


Fig.  397- 

The  original  form  of  the  voltaic  pile,  for  it  possesses  now  only 
an  historical  interest,  has  a  great  many  inconveniences  ;  among 
these  is  the  fact,  that  the  weight  of  the  discs  of  zinc  and  copper  is 
so  great  that  it  presses  out  the  acidulated  liquid  from  the  discs,  and 
the  electrical  action  is  soon  weakened.  It  has  received  a  great 
many  improvements,  the  principal  object  of  which  has  been  to 
facilitate  manipulation,  and  to  produce  greater  electromotive  force. 

One  of  the  earliest  of  these  modifications  was  the  crown  of  cups, 
or  couro7ine  des  tasses,  invented  by  Volta  himself  :  an  improved 
form  of  this  is  known  as  Wollasto/i's  battery  (fig.  397). 
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Fig.  395  gives  a  vertical  section  of  two  consecutive  Wollaston's 
elements.  The  acidulated  water  is  contained  in  glass  vessels,  B  B, 
in  each  of  which  is  a  couple.  Fig.  396  represents  the  arrangement 
of  one  of  these  couples  :  it  consists  of  a  thick  sheet  of  zinc  and  a 
strip  of  copper,  0,  by  which  it  can  be  connected  with  the  next 
couple.  A  plate  of  copper,  C  C,  is  bent  so  as  to  surround  the  plate 
of  zinc  without  touching,  contact  being  prevented  by  small  pieces  of 
cork.  The  plate,  C,  is  provided  with  a  copper  tongue,  0',  whicb  k 
soldered  to  the  zinc  of  the  preceding  couple  and  so  forth. 

Fig.  397  represents  a  pile  of  sixteen  couj)les  -united  in  two 
parallel  series  of  eight  each.  All  these  couples  are  fixed  to  a  cross 
frame  of  woo£l,iiy  wkir±  they  can  be  raised  or  lowered  at  pleasure. 
When  the  battery  is  not  wanted,  the  couples  are  lifted  out  of  the 
liquid.  The  water  in  these  vessels  is  usually  acidulated  with 
sulphuric  and  55  of  nitric  acid. 

463.  EnfeeWement  of  tlie  current  In  batteries.  Secondary 
currents.— The  batteries  already  described,  Volta's  and  Wollaston's, 
which  consist  essentially  of  two  metals  and  one  liquid,  labour 
under  the  objection  that  the  currents  produced  rapidly  diminish  in 
intensity. 

This  is  principally  due  to  three  causes  ;  the  first  is  the  decrease 
in  the  chemical  action  owing  to  the  neutrahsation  of  the  sulphuric 
acid  by  its  combination  with  the  zinc.  This  is  a  necessary  action, 
for  upon  it  depends  the  current  ;  it  therefore  occurs  in  all  batteries, 
and  is  without  remedy,  except  by  replacement  of  acid  and  zinc. 
The  second  is  due  to -what  is  called  local  actio?i  ;  that  is,  the  pro- 
duction of  small  closed  currents  in  the  active  metal,  from  the  im- 
purities it  contains.  These  local  currents  rapidly  wear  away  the 
active  plate,  without  contributing  anything  to  the  general  current. 
They  are  remedied  by  amalgamating  the  zinc  with  mercury,  by 
which  chemical  action  is  prevented  until  the  circuit  is  closed.  The 
third  arises  from  secondary  currents.  These  are  currents  which  are 
produced  in  the  battery  in  a  contrary  direction  to  the  principal  cur- 
rent, and  which  destroy  it  either  totally  or  partially.  In  the  funda- 
mental experiment  (fig.  393),  when  the  current  is  closed,  sulphate 
of  zinc  is  formed,  which  dissolves  in  the  liquid,  and  at  the  same 
time  a  layer  of  hydrogen  gas  is  gradually  deposited  on  the  surface 
of  the  copper  plate.  Now  it  has  been  found  that  the  hydrogen  de- 
posited in  this  manner  on  metalUc  surfaces  acts  far  more  energeti- 
cally than  ordinary  hydrogen.  In  virtue  of  this  increased  activity 
it  gradually  reduces  some  of  the  sulphate  of  zinc  formed,  and  a 
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layer  of  metallic  zinc  is  formed  upon  the  copper  ;  hence,  instead  of 
having  two  different  metals  unequally  attacked,  the  two  metals  be- 
come gradually  less  different,  and,  consequently,  in  the  wire  there 
are  two  currents  tending  to  become  equal  ;  the  total  effect,  and  the 
current  really  observed,  become  weaker  and  weaker. 

464.  Constant  batteries. — The  serious  objections  to  the  use 
of  what  are  called  single  fluid  elements  has  led  to  their  aban- 
donment, and  they  are  now  generally  replaced  by  two  fluid 
elements,  or  those  with  two  liquids,  which  are  also  called  cojtstant 
elements,  because  their  action  is  without  material  altération  for 
a  considerable  period  of  time.  The  _ 
essential  point  to  be  attended  to  in 
securing  a  constant  current  is  to  pre- 
vent the  polarisation  of  the  inactive 
metal  ;  in  other  words,  to  hinder  any 
permanent  deposition  of  hydrogen  on 
its  surface.  This  is  effected  by  plac- 
ing the  inactive  metal  in  a  liquid  upon 
which  the  deposited  hydrogen  can  act 
chemically. 

465.  Daniell's  battery. — This  was 
the  first  form  of  the  constant  battery, 
and  was  invented  by  Daniell  in  the 
year  1836.  As  regards  the  constancy 
of  its  action,  it  is  still  the  best  of  all 
constant  batteries.  Fig.  398  repre- 
sents a  single  element.  A  glass  or  porcelain  vessel,  V,  contains  a 
saturated  solution  of  sulphate  of  copper,  in  which  is  immersed  a 
copper  cylinder,  C,  open  at  both  ends,  and  perforated  by  holes. 
At  the  upper  part  of  this  cylinder  there  is  an  annular  shelf,  G, 
also  perforated  by  small  holes,  and  below  the  level  of  the  solution  : 
this  is  intended  to  support  crystals  of  sulphate  of  copper  to  replace 
that  decomposed  as  the  electrical  action  proceeds.  Inside  the 
cylinder  is  a  thin  porous  vessel,  V,  of  unglazed  earthenware.  This 
contains  either  a  solution  of  common  salt  or  dilute  sulphuric  acid, 
in  which  is  placed  the  cylinder  of  amalgamated  zinc,  Z.  Two 
thin  strips  of  copper,  p  and  «,  fixed  by  binding  screws  to  the 


Fig.  398. 


copper 
series. 


and  to  the  zinc,  serve  for  connecting  the  elements 


in 


When  a  Daniell's  element  is  closed,  the  hydrogen  resulting  from 
the  action  of  the  dilute  acid  on  the  zinc  is  liberated  on  the  surface 
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of  the  copper  plate,  but  meets  there  the  sulphate  of  copper,  which 
is  reduced,  forming  sulphuric  acid  and  metallic  copper  which  is 
deposited  on  the  surface  of  the  copper  plate.  In  this  way  the  sul- 
phate of  copper  in  the  solution  is  taken  up,  and  if  it  were  all  con- 
sumed, hydrogen  would  be  deposited  on  the  copper,  and  the  current 
would  lose  its  constancy.  This  is  prevented  by  the  crystals  of  sul- 
phate of  copper  which  keep  the  solution  saturated.  The  sulphuric 
acid  produced  by  the  decomposition  of  the  sulphate  permeates  the 
porous  cylinder,  and  tends  to  replace  the  acid  used  up  by  its  action 
on  the  zinc  ;  and  as  the  quantity  of  sulphuric  acid  formed  in  the 
solution  of  sulphate  of  copper  is  regular,  and  proportional  to  the 
acid  used  in  dissolving  the  zinc,  the  action  of  this  acid  on  the  zinc 
is  regular  also,  and  thus  a  constant  current  is  produced. 


Fig.  399. 

Fig.  399  represents  a  series  ot  three  Daniell's  elements  of  a 
somewhat  different  pattern.  Here  the  zinc  of  one  is  connected 
with  the  copper  of  the  next  by  a  copper  strip.  Instead  of  placing 
the  crystals  of  sulphate  of  copper  on  a  shelf  in  the  copper  plate, 
they  are  contained  in  glass  flasks,  the  necks  of  which  are  immersed 
in  a  solution  of  sulphate  of  copper.  This  form  of  element  is  exten- 
sively used  in  the  French  telegraphs. 

466.  Bunsen's  yizM&ry.-Bimseiis  battery,  also  known  as  the 
zinc  carbon  batterv,  was  invented  in  1843  ;  it 's  nothing  more  than 
Daniell's  battery,  in  which  nitric  acid  is  substituted  for  solution  of 
sulphate  of  copper,  and  in  which  copper  is  replaced  by  a  cyhnder 


-466] 


Biiiisc7is  Battery. 


493 


of  carbon.  This  is  made  either  of  the  graphitoidal  carbon  depo- 
sited in  gas  retorts,  or  by  calcining  in  an  iron  mould  an  intimate 
mixture  of  coke  and  bituminous  coal,  finally  powdered  and  strongly 
compressed.  Both  these  modifications  of  carbon  are  good  con- 
ductors. Each  element  consists  of  the  following  parts:  i.  a  vessel, 
F  (fig.  400),  either  of  stoneware  or  of  glass,  containing,  as  in 
Daniell's,  dilute  sulphuric  acid  ;  2.  a  hollow  cylinder,  Z,  of  amalga- 
mated zinc  ;  3.  a  porous  vessel,  V,  in  which  is  ordinary  nitric  acid  ; 
4.  a  cylinder  of  carbon,  C,  prepared  in  the  above  manner.  In  the 
vessel,  F,  the  zinc  is  first  placed,  and  in  it  the  carbon  as  seen  in  P. 
To  the  carbon  is  fixed  a  binding  screw,  ;«  (fig.  401),  to  which  a 


Fig.  400. 


copper  wire  is  attached  ;  forming  the  positive  pole.  The  zinc  is 
provided  with  a  similar  binding  screw,  n,  and  wire,  which  is  thus 
the  negative  pole. 

In  Bunsen's  battery  the  hydrogen  resulting  from  the  action  is 
liberated  on  the  surface  of  the  carbon.  This  being  surrounded  by 
nitric  acid,  the  hydrogen  decomposes  this  acid,  forming  water  and 
hyponitj'ons  acid,  which  dissolves,  or  is  subsequently  disengaged  as 
nitrous  fumes.  And,  though  the  hydrogen  is  most  completely  got 
rid  of  by  the  decomposition  of  the  nitric  acid,  the  production  of 
these  nitrous  fumes  is  very  noxious. 

The  elements  are  arranged  to  form  a  battery  (fig.  401)  by  con- 
necting each  carbon  to  the  zinc  of  the  following  one  by  means  of  the 
clamps,  V171,  and  a  strip  of  copper,  c,  represented  in  the  top  of  the 
figure.    The  copper  is  pressed  at  one  end  between  the  carbon  and 
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the  clamp,  and  at  the  other  it  is  soldered  to  the  clamp,  n,  which  is 
fitted  on  the  zinc  of  the  following  element,  and  so  forth.    The  clamp 


Fia 


401. 


of  the  first  carbon  and  that  of  the  last  zinc  are  alone  provided  with 
binding  screws,  to  which  are  attached  the  wires. 

467.  Xeclancbe's  bat- 
tery.— Each  element  of  this 
battery  (fig.  402)  consists  ot 
a  rod  of  carbon  L  placed  in 
a  porous  pot,  which  is  then 
tightly  packed  with  a  mixture 
of  pyrolusite  (peroxide  of 
manganese)  and  coke  M.  The 
porous  pot  is  contained  in 
an  outer  vessel  G  in  which 
is  the  electropositive  metal 
zinc  z.  The  exciting  liquid  is 
a  solution  of  sal-ammoniac. 
This  battery,  from  its  sim- 
plicity, its  constancy,  com- 
bined with  considerable 
electromotive  force,  is  com- 
ing into  use  for  telegraphs, 
and  for  alarums  in  private 
houses. 

Fig.  402. 
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CHAPTER  VIII. 

EFFECTS  OF  THE  BATTERV. 

468.  Fhysiolog;lcal  effects, — The  remarkable  phenomena  of  the 
voltaic  battery  may  be  classed  under  the  heads  physiological, 
chemical,  mechanical,  and  physical  effects  ;  and  these  latter  may 
be  again  subdivided  into  the  thermal,  luminous,  and  magnetic 


Fig.  403. 


effects.  All  are  due  to  the  recombination  of  the  opposite  electri- 
cities, like  those  of  the  electrical  machine  ;  but  they  are  far  more 
remarkable  and  more  energetic,  owing  to  the  continuity  of  their 
action.  To  produce  them  the  body  experimented  upon  must  l?e 
connected  on  the  one  side  with  the  positive  and  on  the  other  with 
the  negative  pole. 

The  physiological  effects  consist  of  shocks  and  violent  contrac- 
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tions  which  the  current  produces  in  the  muscles,  not  only  of  living, 
but  of  dead  animals,  as  has  been  seen  in  Galvani's  experiment  with 
the  frog. 

When  the  electrodes  of  a  powerful  battery  are  held  in  the  two 
hands  a  violent  shock  is  felt,  resembling  that  of  a  Leyden  jar,  espe- 
cially if  the  hands  are  moistened  with  acidulated  or  saline  water, 
which  increases  the  conductivity.  The  shock  is  more  violent  in 
proportion  to  the  number  of  elements  used  ;  with  a  Bunsen's 
battery  of  50  to  60  couples  the  shock  is  very  strong,  with  150  or  200 
couples  it  is  unbearable,  and  even  dangerous  when  continued.  It 
is  less  perceptible  in  the  fore  part  of  the  arms  than  the  shock  of  the 
Leyden  jar,  and  when  transmitted  through  a  chain  of  several  per- 
sons, it  is  generally  only  felt  by  those  nearest  the  poles. 

The  shock,  as  in  the  case  of  the  Leyden  jar,  is  due  to  the  recom- 
position of  the  two  electricities  ;  with  this  difference,  that  with  the 
Leyden  jar  the  discharge  being  instantaneous,  the  resultant  shock 
is  so  also  ;  while  in  the  latter  case,  as  the  battery  is  immediately 
recharged  after  each  discharge,  the  shocks  succeed  each  other  with 
rapidity. 

A  feeble  current  when  opened  and  closed  in  the  parts  over  the 
eye  produces  a  luminous  effect,  in  the  neighbourhood  of  the  ears 
a  rushing  sound  ;  and  when  the  two  poles  are  placed  on  the  tongue 
the  positive  has  an  acid  and  the  negative  an  alkaline  taste.  Sensi- 
tive plants  are  also  affected  when  a  batteiy  consisting  of  a  large 
number  of  elements  is  opened  and  closed  in  contact  with  them. 

469.  Heating  effects. — When  a  voltaic  current  is  passed  through 
a  metallic  wire  the  same  effects  are  produced  as  by  the  discharge  of 
an  electric  battery  ;  the  wire  becomes  heated  and  even  incandescent 
if  it  is  very  short  and  thin.  With  a  powerful  battery  all  metals  are 
melted,  even  iridium  and  platinum,  the  least  fusible  of  metals. 
Carbon  is  the  only  body  which  hitherto  has  not  been  fused  by  it. 
Despretz,  however,  with  a  battery  composed  of  600  Bunsen's 
elements  joined  in  six  series,  raised  rods  of  very  pure  carbon  to 
such  a  temperature  that  they  were  softened,  and  could  be  welded 
together,  indicating  an  incipient  fusion. 

A  battery  of  thirty  to  forty  Bunsen's  elements  is  sufficient  to 
melt  and  volatilise  fine  wires  of  lead,  tin,  zinc,  copper,  gold,  silver, 
iron,  and  even  platinum,  with  differently  coloured  sparks.  Iron 
and 'platinum  burn  with  a  brilliant  white  light;  lead  with  a  purple 
light  ;  the  light  of  tin  and  of  gold  is  bluish  white  ;  the  light  of  zinc 
is  a  mixture  of  white  and  gold  ;  finally,  copper  and  silver  give  a 
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green  light.  The  heating  effects  of  the  voltaic  current  are  used  in 
tiring  mines  for  military  purposes  and  for  blasting  operations. 

470.  Iiuminous  effects. — On  closing  a  voltaic  battery  a  spark  is 
obtained  at  the  point  of  contact,  which  is  frecjuently  of  great  bril- 
liance. A  similar  spark  is  also  perceived  on  breaking  contact. 
These  luminous  effects  are  obtained,  when  the  battery  is  sufficiently- 
powerful,  by  bringing  the  two  electrodes  very  nearly  in  contact  ;  a 


Fig-  404. 


succession  of  bright  sparks  springs  across  the  interval,  whicli 
follow  each  other  with  such  rapidity  as  to  produce  a  continuous 
light.    With  eight  or  ten  of  Grove's  elements  brilliant  luminous 
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sparks  are  obtained  by  connecting  one  terminal  of  the  battery  with 
a  file,  and  moving  its  point  along  the  teeth  of  another  file  connected 
with  the  other  terminal. 

The  most  beautiful  effect  of  the  electric  light  is  obtained  when 
two  pencils  of  charcoal  are  connected  with  the  terminals  of  a 
■powerful  battery  in  the  manner  represented  in  fig.  404.  The  two 
charcoals  being  placed  in  contact  the  current  passes,  and  their  ends 
soon  become  incandescent.  If  they  are  then  removed  to  a  distance 
of  about  the  tenth  of  an  inch,  a  luminous  arc  extends  between  the 
two  points,  which  has  an  exceedingly  brilliant  lustre,  and  is  called 
the  voltaic  arc. 

The  length  of  this  arc  varies  with  the  force  of  the  current.  In 
air,  with  a  battery  of  600  elements  it  may  exceed  two  inches.  If  the 
charcoal  attached  to  the  positive  pole  be  examined,  it  will  be  found 
to  have  become  hollowed,  and  worn  away,  while  the  negative 
charcoal  has  increaséd.  It  thus  seems  that  the  carbon  is  trans- 
ported from  the  positive  to  the  negative  pole,  and  that  this  is  the 
manner  in  which  the  transmission  of  the  electricity  between  the 
two  poles  is  effected. 

The  intensity  of  the  electric  light  is  veiy  great  ;  Bunsen,  in  ex- 
perimenting with  forty- eight  couples,  and  removing  the  charcoals 
to  a  distance  of  a  quarter  of  an  inch,  found  that  its  illuminatmg 
power  is  equal  to  that  of  572  candles.  .       ,      ^  r 

Too  great  precautions  cannot  be  taken  against  Uie  effects  of 
the  electric  light  when  they  attain  a  certain  intensity.  The  light 
of  100  couples  may  produce  very  painful  affections  of  the  eyes. 
With  600,  a  single  moment's  exposure  to  the  light  is  sufficient 
to  produce  very  violent  headaches  and  pains  in  the  eye,  and  the 
whole  frame  is  affected  as  by  a  powerful  sunstroke. 

Attempts  have  been  made  to  apply  the  electric  hght  to  the  illu- 
mination of  rooms  and  even  of  streets  ;  but  partly  the  cost,  and 
nartlv  the  difficulty  of  producing  with  it  a  uniform  illumination, 
fnasmuch  as  the  shadows  are  thrown  into  too  sharp  relief,  have 
hitherto  been  great  obstacles  to  its  use.  Yet  it  is  advantageously 
aTDplied  in  special  cases,  such  as  the  photo-electric  microscope, 
muminations  in  theatres,  &c.  Fig.  404  -presents  an  arrangc- 
n^ent  for  public  illumination.  On  a  convenient  support  an  dectn 
^Zr.  i.  nhced  •  this  is  a  mechanism  which  is  worked  by  the 
rent  from  a^p'owerful  battery,  and  which  keeps  the  carbon  poles 
aï  a  suitable  cLtance,  a  condition  necessary  for  the  permanence 
and  steadiness  of  the  light. 
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DECOMPOSITION  OF  WATER. 

471.  Chemical  effects.— These  are  among  the  most  important 
of  all  the  actions,  either  of  the  simple  or  compound  circuit.  They 
consist  of  the  separation  and  transport  of  the  elements  of  the 
bodies  traversed  by  the  current.  The  first  decomposition  effected 
by  the  battery  was  that  of  water,  obtained  in  1800  by  Carlisle  and 
N  icholson  by  means  of  a  voltaic  pile.  Water  is  rapidly  decomposed 
by  four  or  five  Bunsen's  cells  ;  the  apparatus  (fig.  405)  is  very  con- 


Fig.  40.'). 


venient  for  the  purpose.  It  consists  of  a  glass  vessel  fixed  on  a 
wooden  base.  In  the  bottom  of  the  vessel  two  platinum  electrodes 
are  fitted,  communicating  by  means  of  copper  wires  with  the 
binding  screws,  a  and  b.  The  vessel  is  filled  with  water  to  which 
some  sulphuric  acid  has  been  added  to  increase  its  conductivity 
for  pure  water  is  a  very  imperfect  conductor  ;  two  glass  tubes  filled 
with  water  are  inverted  over  the  electrodes,  and,  on  interposino-  the 
apparatus  m  the  circuit  of  a  battery,  decomposition  is  rapidly  set 
up,  and  gas  bubbles  rise  from  the  surface  of  each  pole.  The  volume 
of  gas  liberated  at  the  negative  pole  is  about  double  that  at  the 
positive,  and  on  examination  the  former  gas  is  found  to  be  hydrogen 
and  the  latter  gas  oxygen.  This  experiment  accordingly  gives  at 
once  the  qualitative  and  quantitative  analysis  of  water  ;  for  it  shows 
that  ,t  consists  of  two  parts  by  volume  of  hydrogen  lo  one  part  bv 
volume  of  oxygen.  '  r  ^ 
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472.  Electrolysis. — To  those  substances  which,  hke  water,  are 
resolved  into  their  elements  by  the  voltaic  current,  the  term  elec- 
trolyte has  been  applied  by  Faraday,  to  whom  the  principal  dis- 
coveries in  this  subject,  and  also  the  nomenclature  are  due  ;  elec- 
trolysis is  the  decomposition  by  the  voltaic  battery. 

By  means  of  the  battery,  the  compound  nature  of  several  sub- 
stances which  had  previously  been  considered  as  elements  has  been 
determined.  By  means  of  a  battery  of  250  couples,  Davy,  shortly 
after  the  discovery  of  the  decomposition  of  water,  succeeded  in  de- 
composing the  alkalies  potass  and  soda,  and  proved  that  they  were 
the  hydrated  oxides  of  the  hitherto  unknown  xa.tX.2\s,  potassium  and 
sodium.  The  decomposition  of  potass  may  be  demonstrated  with  the 

aid  of  the  battery  of 
four  to  six  elements  in 
the  following  manner  ; 
a  small  cavity  is  made 
in  a  piece  of  solid 
caustic  potass,  which 
is  moistened,  and  a 
drop  of  mercury  placed 
in  it  (fig.  406).  The 
potass  is  placed  on  a 
piece  of  platinum  con- 
nected with  the  posi- 
tive pole  of  the  b^tery.  The  mercury  is  then  touched  with  the 
negative  pole.  When  the  current  passes,  the  potass  is  decom- 
posed, oxygen  is  liberated  at  the  positive  pole,  while  the  potassium 
liberated  at  the  negative  pole  amalgamates  with  the  mercury.  On 
distilling  this  amalgam  out  of  contact  with  air,  the  mercury  passes 
over,  leaving  the  potassium. 

The  decomposition  of  binary  compounds,  that  is,  bodies  contain- 
ing two  elements,  is  quite  analogous  to  that  of  water  and  of  potass; 
one  of  the  elements  goes  to  the  positive,  and  the  other  to  the  nega- 
tive pole.  The  bodies  separated  at  the  positive  pole  are  called 
electronegative  elements,  because  at  the  moment  of  separation 
they  are  considered  to  be  charged  with  negative  electricity,  while 
those  separated  at.  the  negative  pole  are  called  electropositive 
elements.  One  and  the  same  body  may  be  electronegative  01 
electropositive,  according  to  the  body  with  which  it  is  associated. 
For  instance,  sulphur  is  electronegative  towards  hydrogen,  but 
is  electropositive  towards  oxygen.    The  various  elements  may  be 


Fig.  406. 
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arranged  in  such  a  series  that  any  one  in  combination  is  electro- 
negative to  any  following,  but  electropositive  towards  all  preceding 
ones.  This  is  called  the  electrochemical  series,  and  begins  with 
oxygen  as  the  most  electronegative  element,  ending  with  potas- 
sium as  the  most  electropositive. 

APPLICATION  OF  THE  DECOMPOSITION  PRODUCED  BY  THE 

BATTERY. 

473.  Electrotype. — In  the  ordinary  methods  of  reproducing 
statues,  bas-reliefs,  etc.,  in  metal,  moulds  of  baked  clay  are  prepared, 
which  are  faithful  hollow  copies  of  these  objects  ;  then  either 
melted  iron  or  bronze  is  run  into  these  ;  when  the  metal  has  solidified, 
an  exact  copy  in  relief  is  obtained  of  the  object.  In  electrotypes, 
a  mould  of  the  object  to  be  produced  is  required,  but  the  repro- 
duction is  effected  without  either  fusion  or  fire.  The  current  of  a 
battery  quietly  deposits  a  layer  of  metal  of  any  desired  thickness 
on  a  faithful  impression  of  the  object.  This  is  the  meaning  of 
the  \.Qrm  galvanoplasties,  which  is  derived  from  the  word  galvanism, 
and  from  a  Greek  word  which  signifies  '.to  model.' 

The  practice  of  electrometallurgy  consists  of  two  distinct  opera- 
tions ;  firstly,  the  preparation  of  the  mould  or  impression  of  the 
objects  to  be  reproduced  ;  and,  secondly,  the  deposit  of  the  metal 
in  this  mould.  The  first  process  is  the  most  delicate,  and  that  on 
which  mainly  depends  the  success  of  the  operation. 

Various  substances  are  used  for  taking  impressions,  wax,  stéarine, 
fusible  metal,  gutta  percha,  etc.  Of  these  the  most  useful,  at  any 
rate  for  small  objects,  is  gutta  percha.  This  substance,  which  is 
hard  at  ordinary  temperatures,  softens  when  placed  in  wanri  water. 
"When  it  has  acquired  the  proper  degree  of  softness,  a  plate  of  it 
is  placed  on  the  object  to  be  copied  and  pressed  against  it.  When 
the  object  is  of  metal,  a  medal  for  instance,  the  gutta  percha  i=: 
easily  detached  as  soon  as  it  is  cold  ;  but  with  a  wood  engraving 
or  a  plaster  cast,  the  gutta  percha  adheres,  and  cannot  be  detached 
without  danger  of  tearing.  This  may  be  remedied  by  previously 
brushing  the  mould  over  with  black  lead  or  graphite,  as  it  ought  to 
be  called. 

Suppose  the  subject  to  be  reproduced  is  a  medal  (fig.  408)  ;  when 
the  mould  is  obtained  we  have  this  medal  hollow  and  inverted.  It 
is  now  necessary  to  make  its  surface  a  conductor,  for  gutta  percha, 
being  an  insulator,  could  not  transmit  the  current  from  the  battery. 
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This  is  effected  by  brushing  it  over  very  carefully  with  graphite 
(which  is  a  very  good  conductor)  in  all  those  places  where  the 
metal  is  to  be  deposited.    Three  copper  wires  are  then  fixed  to  it, 

one  of  which  is  merely  a  sup- 
port, while  the  two  others  con- 
duct the  current  to  the  metallic 
surface. 

The  mould  is  then  ready 
for  the  metal  to  be  deposited 
upon  it  ;  copper  is  ordinarily 
used,  but  silver  and  gold  also 
deposit  well. 

In  order  to  take  a  copper 
cast,  a  bath  is  filled  with  satu- 


Fig.  407. 


Fig.  40S. 


rated  solution  of  sulphate  of  copper  and  two  copper  rods,  B  and  A, 
stretched  across  (fig.  409)  :  one  connected  with  the  negative  and 
the  other  with  the  positive  pole  of  a  Grove's,  or  preferably,  from  its 
greater  constancy,  a  DanielFs  element.  From  the  rod  connected 
with  the  negative  pole,  B,  is  suspended  the  mould,  and  from  the 
other  A,  a  plate  of  copper.  The  current  being  thus  closed,  the 
sulphate  of  copper  is  decomposed,  acid  is  liberated  at  the  positive 
pole,  while  copper  is  deposited  at  the  negative  pole,  on  the  mould 
suspended  from  the  rod,  B,  to  which,  indeed,  several  moulds  may  be 
attached. 

The  copper  plate  suspended  from  the  positive  pole  serves  a 
double  purpose  ;  it  not  only  closes  the  current,  but  it  keeps  the 
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solution  in  a  state  of  concentration,  for  tlie  acid  liberated  at  the 
positive  pole  dissolves  the  copper,  and  reproduces  a  quantity  of 
sulphate  of  copper  equal  to  that  which  has  been  decomposed.  The 


bath  always  remains,  therefore,  at  the  same  degree  of  concentration, 
that  is  to  say,  always  contains  the  same  amount  of  salt  in  solution, 
which  is  a  condition  necessary  for  producing  a  uniform  deposit. 

474.  Electrogrildingr. — The  old  method  of  gilding  was  by  means 
of  mercury.  It  was  effected  by  an  amalgam  of  gold  and  mercury, 
which  was  applied  on  the  metal  to  be  gilded.  The  objects  thus 
covered  were  heated  in  a  furnace,  the  mercury  volatilised,  and  the 
gold  remained  in  a  very  thin  layer  on  the  objects.  The  same 
process  was  used  for  silvering  ;  but  they  were  expensive  and  un- 
healthy methods,  and  have  now  been  entirely  replaced  by  electro- 
gilding  and  electrosilvering.  Brugnatelli,  a  pupil  of  Volta,  appears 
to  have  been  the  first,  in  1803,  to  observe  that  a  body  could  be  gilt 
by  means  of  the  battery  and  an  alkaline  -solution  of  gold  ;  but 
De  la  Rive  was  the  first  who  really  used  the  battery  in  gilding.  The 
methods  both  of  gilding  and  silvering  owe  their  present  high  state 
of  perfection  principally  to  the  improvements  of  Elkington,  Ruolz, 
and  others. 

The  difference  between  electrogilding  and  electrosilvering  and 
the  processes  described  in  the  previous  article  is  tills,  that,  in  the 
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former,  the  metal  is  deposited  on  a  mould  in  order  to  reproduce 
the  objects  given  ;  while,  in  the  latter,  the  objects  are  permanently 
covered  with  a  thin  layer  of  gold  or  silver. 

The  pieces  to  be  coated  have  to  undergo  three  preparatory 
operations. 

The  first  consists  in  heating  .them  so  as  to  remove  the  fatty 
matter  which  has  adhered  to  them  in  previous  processes. 


Fig.  410. 


As  the  objects  to  be  gilt  are  usually  of  copper,  and  their  surface 
during  the  operation  of  heating  becomes  covered  with  a  layer  of 
suboxide  or  protoxide  of  copper,  this  is  removed  by  the  second 
operation.  For  this  purpose  the  objects,  while  still  hot,  are 
immersed  in  very  dilute  nitric  acid,  where  they  remain  until  the 
oxide  is  removed.  They  are  then  rubbed  with  a  hard  brush, 
washed  in  distilled  water,  and  dried  in  gently  heated  sawdust. 

To  remove  all  spots  they  must  undergo  the  third  process,  which 
consists  in  rapidly  immersing  them  in  ordinary  nitric  acid,  and 
then  in  a  mixture  of  nitric  acid,  bay  salt,  and  soot.  They  are  then 
well  washed  in  distilled  water,  and  dried  as  before  in  sawdust. 

When  thus  preparéd  the  objects  are  attached  to  the  negative  pole 
of  a  battery  of  three  or  four  cells,  and  if  they  are  to  be  silvered 
they  must  be  immersed  in  a  bath  of  silver  kept  at  a  temperature  of 
sixty  to  eighty  degrees.  They  remain  in  the  bath  for  a  time  which 
depends  on  the  thickness  of  the  desired  deposit.    There  is  great 
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difference  in  the  composition  of  the  bath.  That  most  in  use  con- 
sists of  two  parts  of  cyanide  of  silver  and  two  parts  of  cyanide  of 
potassium,  dissolved  in  250  parts  of  water.  In  order  to  keep  the 
bath  in  a  state  of  concentration,  a  piece  of  silver  is  suspended  from 
the  positive  electrode,  which  dissolves  in  proportion  as  the  silver 
dissolved  in  the  bath  is  deposited  on  the  objects  attached  to  the 
negative  pole. 

The  processes  of  electrogilding  are  quite  the  same  as  those  of 
electrosilvering,  with  the  exception  that  a  bath  of  gold  is  used  in- 
stead of  one  of  silver,  and  the  positive  plate  terminates  in  a  plate 
of  gold.  The  bath  used  is  a  solution  of  cyanide  of  gold  and  potas- 
sium. 

The  method  which  has  just  been  described  can  not  only  be  used 
for  gilding  copper,  but  also  for  silver,  bronze,  brass,  German  silver, 
etc.  But  other  metals,  such  as  iron,  steel,  zinc,  tin,  and  lead,  are 
very  difficult  to  gild  well.  To  obtain  a  good  coating  they  must  first 
be  covered  with  a  layer  of  copper  by  means  of  the  battery,  and  a 
bath  of  sulphate  of  copper  ;  the  copper  with  which  they  are  coated 
is  then  gilded,  as  in  the  previous  case. 


CHAPTER  IX. 
ELECTROMAGN  ETI SM. 

475.  Relation  toetween  magnetism  and  electricity. — Early 
in  the  history  of  the  two  sciences,  the  analogy  was  remarked  which 
existed  between  the  phenomena  of  electricity  and  magnetism.  It 
was  observed  that,  in  both  cases,  like  kinds  of  electricity  repelled 
each  other,  as  also  did  like  kinds  of  magnetism,  and  that  unlike 
kinds  attracted.  It  had,  moreover,  been  observed  that  lightning, 
in  striking  a  ship,  often  reversed  the  polarity  of  compass  needles, 
and  even  sometimes  robbed  them  of  all  magnetic  power.  But 
though  there  were  many  points  of  resemblance  between  electricity 
and  magnetism,  the  dissimilarities  were  numerous.  For  instance, 
magnetic  properties  cannot  be  transmitted  to  good  conductors,  as 
can  electrical  properties.  A  magnet  placed  in  contact  with  the 
earth  does  not  lose  its  magnetism  as  does  an  electrified  body. 
Again,  electricity  can  be  produced  in  all  bodies,  while  magnetism 
is  only  manifested  by  a  very  small  number.    Among  these  resem- 
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blances  and  dissimilarities,  nothing  could  be  affirmed  respecting 
the  identity  of  the  causes  which  produce  electricity  and  magnetism, 
when,  towards  the  end  of  1819,  Oersted,  a  professor  of  physics  in 
Copenhagen,  made  a  memorable  discovery,  which  for  ever  inti- 
mately connected  these  two  physical  agents.  Thus  arose  a  new 
branch  of  science  called  elcctromagiietism,  to  express  that  the 
phenomena  are  at  once  magnetic  and  electrical. 

476.  Action  of  current  upon  magnets. — The  fact  which 
Oersted  discovered  was  the  directive  action  of  currents  upon 
magnets.  He  found  that  electrical  currents  have  a  directive  action 
upon  the  magnetic  needle,  and  always  tend  to  set  it  at  right  a7igles 
to  their  own  direction. 


Fig.  411. 


To  verify  this  action  of  currents  upon  magnets,  the  experiment 
is  arranged  as  shown  in  fig.  411.  A  magnetic  needle,  movable 
upon  a  pivot,  being  at  rest  in  the  direction  of  the  magnetic 
meridian,  a  wire  traversed  by  a  current  is  brought  near  it,  care 
being  taken  to  bring  it  lengthways.  The  needle  is  then  seen  to 
deviate  from  its  position  of  i-est,  oscillate,  and  ultimately  come  to 
rest  in  a  position  which  is  nearly  at  right  angles  to  that  of  the 
current  ;  and  the  more  nearly,  the  more  powerful  the  current. 

In  this  experiment  the  direction  in  which  the  north  pole  is 
deflected  varies  with  the  direction  of  the  current;  if  it  goes  from 
south  to  north  above  the  needle,  the  north  pole  is  deflected  to  the 
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west  ;  if,  on  the  contrary,  it  goes  from  north  to  south  but  still  above 
the  needle,  the  north  pole  is  deflected  to  the  east.  When  the  cur- 
rent passes  below  the  needle,  the  same  phenomena  arc  reproduced 
in  exactly  the  reverse  order.  All  these  different  cases  have  been 
reduced  to  a  single  one  by  Ampère. 

477.  Ampère's  rule. — Ampère  has  given  the  following  meiuoria 
technica,  by  which  all  the  various  directions  of  the  needle  under 
the  influence  of  a  current  may  be  remembered.  If  we  imagine  an 
observer  placed  in  the  connecting  wire  in  such  a  manner  that  the 
current  entering  by  his  feet  issues  by  his  head,  and  that  his  face  is 
always  turned  towards  the  needle,  we  shall  see  that  in  the  above 
four  positions,  the  north  pole  is  always  deflected  towards  the  left  of 
the  observer.  By  thus  personifying  the  current,  the  different  cases 
may  be  comprised  in  this  general  principle  :  In  the  directive  action 
of  currents  on  magnets,  tlte  north  pole  is  alivays  deflected  towards 
the  left  of  the  atrrent. 

478.  Action  of  magnets  and  of  the  eartb  on  currents. — Just 
as  currents  act  on  magnets,  so  also  magnets  act  upon  currents.  To 


Fig.  412. 

prove  this,  a  circle  of  copper  wire  provided  at  the  ends  with  steel 
points  dips  in  two  mercury  cups  (fig.  412).  These  mercury  cups 
are  at  the  ends  of  two  metal  rods  attached  to  two  vertical  columns, 
with  which  can  be  connected  the  poles  of  Bunsen's  element.  By 
this  arrangement,  which  is  known  as  Aînpère's  stand,  we  have  a 
movable  circuit  continually  traversed  by  a  current.  When  this 
circuit  is  at  rest,  if  a  powerful  magnet  be  placed  beneath  the  circuit, 
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but  in  its  plane,  the  circuit  will  be  seen  to  turn  and  set  transversely 
to  the  bar,  winch  is  the  converse  of  Oersted's  experiment. 

The  terrestrial  globe,  which  acts  like  a  magnet  on  magnetic 
needles,  acts  in  the  same  manner  on  the  movable  circuits,  that  is, 
it  directs  them  perpendicularly  to  the  magnetic  meridian.  This 
action  may  be  demonstrated  by  the  above  apparatus.  With  this 
view,  before  the  current  traverses  the  circuit,  it  is  placed  in  the 
magnetic  meridian,  and  then  the  two  poles  of  the  battery  are  con- 
nected with  the  two  columns  :  the  circuit  is  soon  observed  to  set 
transversely  to  its  first  position,  and  so  that,  in  the  lower  part  of  the 
circuit,  the  direction  of  the  current  is  from  east  to  west. 

479.  Galvanometer,  or  multiplier. — The  name  galvanometer, 
multiplier,  or-  rheometer,  is  given  to  a  very  delicate  apparatus,  by 
which  the  e.Kistence,  direction,  and  intensity  of  currents  may  be 
determined.  It  was  invented  by  Schweigger  in  Germany,  a  short 
time  after  Oersted's  discovery. 

In  order  to  understand  its  principle,  let  us  suppose  a  magnetic 
needle,  ab,  suspended  by  a  filament  of  silk  (fig.  413),  and  surrounded 
in  the  plane  of  the  magnetic  meridian  by  a  copper  wire  forming  a 
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Fig.  413. 


Fig.  414. 


complete  circuit  round  the  needle  in  the  direction  of  its  length. 
When  this  wire  is  traversed  by  a  current,  it  follows,  from  what  has 
been  said  in  the  previous  article,  that  in  every  part  of  the  circuit 
an  observer  lying  in  the  wire  in  the  direction  of  the  arrows,  and 
looking  at  the  needle,  ab,  would  have  his  left  always  turned  towards 
the  same  point  of  the  horizon,  and  consequently,  that  the  action  of 
the  current  in  every  part  would  tend  to  turn  the  north  pole  in  the 
same  direction  :  that  is  to  say,  that  the  actions  of  the  four  branches 
of  the  circuit  concur  to  give  the  north  pole  the  same  direction.  By 
coiling  the  copper  wire  in  the  direction  of  the  needle,  as  represented 
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in  the  figure,  the  action  of  the  current  has  been  multiplied.  If, 
instead  of  a  single  one,  there  are  several  circuits,  provided  they  are 
insulated,  the  action  becomes  still  more  multiplied,  and  the  deflec- 
tion of  the  needle  increases  ;  or,  what  is  the  same  thing,  a  much 
feebler  current  will  produce  deflection. 

As  the  directive  action  of  the  earth  continually  tends  to  keep  the 
needle  in  the  magnetic  meridian,  and  thus  opposes  the  action  of  the 
current,  the  effect  of  the  latter  is  increased  by  using  an  astatic 
system  of  two  needles  as  shown  in  fig.  414.  The  action  of  the 
earth  on  the  needle  is  then  very  feeble,  and,  further,  the  actions  of 
the  current  on  the  two  needles  become  accumulated.  In  fact,  the 
action  of  the  circuit,  from  the  direction  of  the  current  indicated  by 
the  arrows,  tends  to  deflect  the  north  pole  of  the  lower  needle  al> 
towards  the  west.    The  upper  needle,  a'  b',  is  subjected  to  the  action 
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of  two  contrary  currents,  no  and  qp,  but  as  the  first,  no,  is  nearer,  its 
action  preponderates.  Now  this  current  no,  passing  below  the  needle, 
evidently  tends  to  turn  the  pole,  a',  towards  the  east,  and  conse- 
quently, the  pole,  b',  towards  the  west  ;  that  is  to  say,  in  the  same 
direction  as  the  pole,  a,  of  the  other  needle. 
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From  these  principles  it  will  be  easy  to  understand  the  theory  of 
the  Jiiultiplier.  The  apparatus,  represented  in  fig.  415,  consists  of  a 
thick  brass  plate  resting  on  levelling  screws  ;  on  this  is  a  copper 
frame  on  which  is  coiled  a  great  number  of  turns  of  wire  covered 
with  silk.  The  two  ends  terminate  in  binding  screws,  n  and  m. 
Above  the  frame  is  a  graduated  circle,  with  a  central  slit  parallel 
to  the  direction  in  which  the  wire  is  coiled.  By  means  of  a  very 
fine  filament  of  silk,  an  astatic  system  is  suspended  ;  it  consists  of 
two  needles,  ab  and  a'  b' ,  one  above  the  scale,  and  the  other  within 
the  circuit  itself. 

In  using  the  instrument  it  is  so  adjusted  that  the  needles,  and 
also  the  slit,  are  in  the  magnetic  meridian. 

480.  TTses  of  the  galvanometer.- — To  show,  by  means  of 
the  multiplier,  the  electricity  developed  in  chemical  alctions,  for 
instance  in  the  action  of  acids  on  metals,  two  platinum  wires 
may  be  attached  to  the  binding  screws,  m  and  n.  Then  one  of 
them  is  plunged  in  very  dilute  sulphuric  acid,  and  the  other 
placed  in  contact  with  a  piece  of  zinc  held  in  the  hand,  which  is 
dipped  in  the  liquid.  An  immediate  deflection  is  observed,  which 
indicates  the  existence  of  a  cuiTent  :  and  from  the  direction  which 
the  north  pole  of  each  needle  assumes,  it  is  seen  that  the  direction 
of  the  current  is  that  indicated  by  the  arrows.  From  which  we  may 
conclude,  in  accordance  with  the  explanation  given  as  to  the  origin 
of  electricity  in  the  simple  voltaic  circuit,  that  the  acid  is  positively 
electrified  and  the  zinc  negatively. 

The  length  and  diameter  of  the  wire  vary  with  the  purpose  for 
which  the  galvanometer  is  intended.  For  one  which  is  to  be  used 
in  observing  the  currents  due  to  chemical  actions,  a  wire  about  | 
milhmetre  in  diameter,  and  making  about  800  turns,  is  well 
adapted.  Those  for  thermo-electric  currents,  which  have  low  inten- 
sity, require  a  thicker  and  shorter  wire,  for  example,  thirty  turns  of 
a  wire  |  milhmetre  in  diameter.  For  very  delicate  experiments,  as 
in  physiological  investigations,  galvanometers  with  as  many  as  30,000 
turns  have  been  used. 

481.  Magnetisation  l)y  electrical  currents. — From  the  in- 
fluence which  currents  exert  upon  magnets,  turning  the  north  pole 
to  the  left  and  the  south  pole  to  the  right,  it  is  natural  to  think,  that 
by  acting  upon  magnetic  substances  in  the  natural  state  the  currents 
would  tend  to  separate  the  two  magnetisms.  In  fact,  when  a 
wire  traversed  by  a  current  is  immersed  in  iron  filings,  they  adhere 
to  it  in  large  quantities,  but  become  detached  as  soon  as  the 
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current  ceases,  while  there  is  no  action  on  any  other  non-magnetic 
metal. 

The  action  of  electrical  currents  on  magnetic  substances  is  well 
seen  in  an  experiment  due  to  Ampère,  which  consists  in  coiling  an  in- 
sulated copper  wire  round  an  unmagnelised  steel  bar.    If  a  current 


Fig.  416. 


be  passed  through  the  wire,  even  for  a  short  time,  the  bar  becomes 
strongly  magnetised  ;  the  same  effect  is  produced  with  a  bar  of 
soft  iron,  but  in  this  case  the  magnetisation  is  temporaiy  ;  when 
the  current  ceases,  the  iron,  which  is  destitute  of  coercive  force, 
reverts  instantaneously  to  the  natural  state.  If  in  this  experi- 
ment, we  imagine  an  observer  floating  in  the  direction  of  the 
current,  the  north  pole  is  always  on  his  left  hand. 

If  the  charge  of  a  Leyden  jar  be  transmitted  through  the  wire 
by  connecting  one  end  with  the  outer  coating,  and  the  other  with 
the  inner  coating,  the  bar  is  also  magnetised.  Hence  both  voltaic 
and  frictional  electricity  can  be  used  for  magnetising. 


CHAPTER  X. 
ELECTRODYNAMICS. 

482.  Reciprocal  action  of  currents  on  currents  Ampère 

did  not  restrict  himself  to  trying  the  action  of  magnets  and  of  the 
earth  upon  movable  currents  ;  he  went  further,  and  was  led  to  the 
important  discover)-,  that  electrical  currents  act  on  each  other  as  do 
magnets  ;  and  he  thus  created  an  entirely  new  branch  of  physics 
to  which  the  name  electrodynamics  has  been  given.  The  actions 
which  currents  exert  on  each  other  are  different  according  as  they 
are  parallel  or  angular. 

I.  Tzuo  currents  ivJnch  are  parallel,  but  in  contrary  directions 
repel  each  other.  ' 
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II.  Two  ctirroits,  parallel  ami  in  the  same  dircctiott,  attract 
each  other. 

To  verify  these  laws  use  may  be  made  of  the  apparatus  repre- 
sented in  fig.  417.   On  a  wooden  support  are  fixed  two  brass  columns, 

A  and  B,  joined  at  the 
top  by  a  wooden  cross- 
piece.  In  the  centre  of 
this  is  a  brass  binding 
screw,  a,  and  below 
this  a  mercury  cup  0. 
In  this  is  placed  an 
iron  pivot  which  joinb 
the  end  of  a  copper 
wire.  This  wire  is 
coiled  in  the  manner 
represented  in  the 
figure,  terminating  in  a 
mercuiy  cup  C  on  the 
base  of  the  apparatus. 
It  thus  forms  a  circuit 
movable  about  the 
pivot. 

This  being  premised,  the  circuit  is  arranged  in  the  plane  of  the 
two  columns,  as  shown  in  fig.  417,  and  the  current  from  a  Bunsen's 
battery  is  passed  through  it  to  the  foot  of  the  column,  A  ;  it  passes 
thence  by  a  copper  wire  to  the  binding  screw,  a  ;  thence  into  the  cup, 
0,  traverses  the  entire  movable  circuit  in  the  direction  of  the 
arrows,  reaches  the  cup,  C,  whence,  by  a  copper  strip,  it  reaches 
the  foot  of  the  column,  B,  rises  in  this,  and  ultimately  returns  to 
the  batteiy.  When  the  current  passes,  the  circuit  moves  away 
from  the  columns,  and,  after  a  few  oscillations,  comes  to  rest  cross- 
wise to  its  original  position  ;  thus  showing  that  the  ascending  current 
in  the  columns  and  the  descending  current  in  the  circuit  repel  each 
other,  thereby  proving  the  first  law. 

The  second  law  may  be  established  by  means  of  the  same 
apparatus,  replacing  the  movable  circuit  depicted  in  fig.  417  by 
another  so  arranged  that  the  current  is  ascending  in  both  the 
columns  and  in  the  two  branches  of  the  circuit.  When  the 
movable  circuit  is  displaced,  and  the  current  is  passed,  the  latter 
returns  briskly  towards  the  columns. 

Law  0/ angular  currents.    In  the  case  of  two  angular  currents, 
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one  fixed  and  the  other  movable,  Ampère  found  that  there  was 
attraction  when  both  the  currents  moved  towards,  or  both  away 
from,  the  apex  of  the  angle  ;  and  that  repulsion  took  place  when,  one 
current  moving  towards  the  apex,  the  other  moved  away  from  it; 

483.  Roget's  Vlbratins  Spiral.  —  The  attraction  between 
currents  in  the  same  direction  may  be 
very  beautifully  illustrated  by  Rogei's  vi- 
brating spiral  (fig.418).  A  spiral  of  copper 
wire  is  fixed  at  one  end  to  a  binding 
screw,  attached  to  an  adjustable  metal 
support,  b  ;  which  together  with  a  binding 
screw,  terminating  in  a  cup,  a,  are  fixed  on 
a  non-conducting  base.  At  the  lower  end 
of  the  spiral  is  a  small  weight,  and  it  dips 
in  mercury  in  the  cup  at  a.  The  poles  of 
a  battery,  being  connected  with  the  bind- 
ing screws  a  and  b,  the  spiral  at  once 
begins  to  oscillate  up  and  down.  For 
the  individual  turns  of  the  spiral  are 
traversed  by  the  current  and  attract  each 
other  ;  the  spiral  becomes  shorter,  its 
lower  end  no  longer  dips  in  the  mercury,  f"'S-  418. 

and  the  current  ceases  to  pass.  Owing  to  their  weight,  the 
windings  being  no  longer  attracted,  sink  again,  the  end  dips  in 
mercury,  the  current  again  passes,  the  individual  turns  again 
attract  each  other,  and  so  on. 


SOLENOIDS. 

484.  Structure  of  a  solenoid.— A  solenoid  is  a  system  of  equal 
and  parallel  circular  currents  formed  of  the  same  piece  of  covered 
copper  wire,  and  coiled  in  the 


form  of  a  helix  or  spiral,  as  re- 
presented in  fig.  419.  A  sole- 
noid, however,  is  only  complete 
when  part  of  the  wire,  BC,  passes 
in  the  direction  of  the  axis  in 
the  interior  of  the  helix.  With 


this    arrangement,    when    the  PI 
circuit  is  suspended  in  the  mer- 

cury  cups,  ab,  of  the  apparatus  (fig.  417),  and  a  current  is  passed 
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through,  it  is  directed  by  the  earth  exactly  as  if  it  were  a  magnetic 
needle.  If  the  solenoid  be  removed  it  will,  after  a  few  oscillations, 
return,  so  that  its  axis  is  in  the  magnetic  meridian.  Further,  it 
will  be  found  that,  in  the  lower  half  of  the  coils  of  which  the 
solenoid  consists,  the  direction  of  the  current  is  from  east  to  west  ; 
in  other  words,  the  current  is  descending  on  that  side  of  the  coil 
turned  towards  the  east,  and  ascending  on  the  west.  In  this  ex- 
Ijeriment  the  solenoid  is  directed  like  a  magnetic  needle,  and  the 
7iorth  fnle,  as  in  magnets,  is  that  end  which  points  towards  the 
north,  and  the  south  pote  that  which  points  towards  the  south. 

485.  l>e  la  Rive's  Tloater.— The  properties  of  solenoids  may 
be  very  conveniently  illustrated  and  studied  by  means  of  what  is 
known  as  De  la  Rivés  floater.  This  consists  of  a  copper  wire  bent 
in  a  ring  or  twisted  in  the  form  of  a  solenoid,  the  ends  of  the  wire 
be'ng  passed  through  a  cork  and  soldered  respectively  to  small 


Fig.  420. 


plates  of  zinc  and  copper  (fig.  420).  If  this  apparatus  be  floated 
on  a  basin  of  slightly  acidulated  water,  the  voltaic  action  set  up 
between  the  plates  produces  a  current  which  traverses  the  solenoid. 
This  then  sets  in  a  direction  of  magnetic  north  and  south,  and 
behaves  in  this  respect  just  as  if  it  were  a  magnet  floated  on  the 
piece  of  cork. 

486.  nxutual  actions  of  magnets  and  solenoids. — Exactly  the 
same  phenomena  of  attraction  and  repulsion  exist  between  solenoids 
and.  magnets  as  between  magnets.  For  if  to  a  movable  solenoid 
traversed  by  a  current,  one  of  the  poles  of  a  magnet  be  presented 
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attraction  or  repulsion  will  take  place,  according  as  the  poles  of  the 
magnet  and  of  the  solenoid  are  of  contrary,  or  of  the  same  name  (fig. 
430).  The  same  phenomenon  takes  place  when  a  solenoid,  traversed 
by  a  current  and  held  in  the  hand,  is  presented  to  a  movable  mag- 
netic needle.  Hence  the  law  of  attractions  and  repulsions  applies 
to  the  case  of  the  mutual  action  of  solenoids  and  of  magnets. 

4S7.  Mutual  actions  of  solenoids. — When  two  solenoids  tra- 
versed by  a  powerful  current  are  allowed  to  act  on  each  other,  one 
of  them  being  held  in  the  hand,  and  the  other  being  movable 


Fig.  421. 


about  a  vertical  axis,  as  shown  in  fig.  421,  attraction  and  repulsion 
will  take  place,  just  as  in  the  case  of  two  magnets.  These  pheno- 
mena are  readily  explained  by  reference  to  what  has  been  said 
about  the  mutual  actions  of  the  currents,  bearing  in  mind  the  direc- 
tion of  the  currents  in  the  ends  A  and  Aj  presented  to  each  other. 

488.  Axnpère's  theory  of  magnetism, — Ampère  propounded 
la  most  ingenious  theory,  based  on  the  analogy  which  exists  be- 
tween solenoids  and  magnets,  by  which  all  magnetic  phenomena 
may  be  referred  to  electrodynamical  piinciples. 

Instead  of  attributing  magnetic  phenomena  to  the  existence  of 
two  fluids,  Ampère  assumed  that  each  individual  molecule  of  a 
magnetic  substance  is  traversed  by  a  closed  electric  current: 
•When  the  magnetic  substance  is  not  magnetised,  these  molecular 
currents,  under  the  innuence  of  their  mutual  attractions,  occupy 
•such  positions  that  their  total  action  on  any  external  substance  is 
■null.  Magnetisation  consists  in  giving  to  these  molecular  currents 
ia  parallel  direction,  and  the  stronger  the  magnetising  force  the 
more  perfect  the  parallelism.  The  limit  of  jnagnetisatioti  is  at- 
tained when  the  currents  are  completely  parallel. 

L  1.  2 
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The  resultant  of  the  actions  of  all  the  molecular  currents  i 
equivalent  to  that  of  a  single  current  which  traverses  the  outside  (. 
a  magnet.  For  by  inspection  of  fig.  422,  in  which  the  molecula: 
currents  are  represented  by  a  series  of  small  internal  circles  in 
the  two  ends  of  a  cylindrical  bar,  it  will  be  seen  that  the  adjacent 
parts  of  the  currents  oppose  one  another,  and  cannot  exercise  any 
external  electrodynamic  action,  which  is  not  the  case  with  those  on 

the  surface. 

The    direction   of  ! 
these  currents  in  mag-  • 
nets  can    be    ascer-  - 
tained  by  considering, 
the  suspended    sole-  ■ 
noid  (fig.  419).    If  we  : 
suppose   it  traversed  ' 
by  a  current,  and  in 
equilibrium  in  the  mag- 
netic meridian,  it  will 
set  in  such  a  position 
that  in  the  lower  half  : 
of  each  coil  the  current  flows  from  east  to  west.    We  may  then 
establish  the  following  rule.    At  the  north  pole  {Ettglish)  of  a 
■magnet  the  direction  of  the  Amperian  curre?tts  is  opposite  that  oj 
the  motion  of  the  hands  of  a  watch,  and  at  the  south  pole  the  direction 
is  the  saine  as  that  of  the  hands. 

489.  Terrestrial  current. — In  order  to  explain  on  this  supposi- 
tion terrestrial  magnetic  effects,  the  existence  of  electrical  currents 
is  assumed  which  continually  circulate  round  our  globe  from  east  : 
to  west,  perpendicular  to  the  magnetic  meridian. 

The  resultant  of  their  action  is  a  single  current  traversing  the 
magnetic  equator  from  east  to  west.  These  currents  are  supposed 
to  be  thermo-electric  currents  due  to  the  variations  of  temperature 
caused  by  the  successive  influence  of  the  sun  on  the  different  parts 
of  the  globe  from  east  to  west. 

These  currents  direct  magnetic  needles  ;  for  a  suspended  mag- 
netic needle  comes  to  rest  when  the  molecular  currents  on  its 
under  surface  are  parallel,  and  in  the  same  direction  as  the  earth 
currents.  As  the  molecular  currents  are  at  right  angles  to  the 
direction  of  its  length,  the  needle  places  its  greatest  length  at  right 
angles  to  east  and  west,  or  north  and  south.  Natural  magnetisa- 
tion is  probably  imparted  in  the  same  way  to  iron  minerals. 


-490] 


Electromagnets. 


517 


CHAPTER  XI. 

ELECTROMAGNETS.     TELEGRAPHS  AND  ELECTROMAGNETIC 

MOTORS. 

490.  Electromagnets.— £'/^<:/r^7;;w^«<?/j  are  bars  of  soft  iron 
which,  under  the  influence  of  a  voltaic  current,  become  magnets  ; 
but  this  magnetism  is  only  tempo- 
rary, for  the  coercive  force  of  per- 
fectly soft  iron  is  null,  and  the 
magnetism  ceases  as  soon  as  the 
current  ceases  to  pass  through  the 
wire.  If,  however,  the  iron  is  not 
quite  pure,  it  retains  more  or  less 
traces  of  magnetism.  Electro-mag- 
nets have  the  horse-shoe  form,  as 
shown  in  fig.  423,  and  a  copper 
wire,  covered  with  silk  or  cotton,  is 
rolled  several  times  round  them  on 
the  two  branches,  so  as  to  form 
two  bobbins,  A  and  B.  In  order 
that  the  two  ends  of  the  horse-shoe  may  be  of  opposite  polarity  the 
winding  on  the  two  limbs.  A,  and  B,  must  be  such  that,  if  the  horse- 
shoe were  straightened  out,  it  would  be  in  the  same  direction. 

Electromagnets,  instead  of  being  made  in  one  piece,  are  fre- 
quently constructed  of  two  cylinders,  firmly  screwed  to  a  stout 
piece  of  the  same  metal.  Such  are  the  electromagnets  in  Morse's 
telegraph  (495),  the  electromagnetic  machine  (501).  The  helices  on 
them  must  be  such  that  the  current  shall  flow  in  the  same  direction 
as  the  hands  of  a  watch  as  seen  from  the  south  pole,  and  against  the 
hands  of  a  watch  as  seen  from  the  north  pole. 

The  force  of  such  magnets  depends  on  their  dimensions,  on  the 
number  of  turns  of  wire,  and  on  the  strength  of  the  current.  An 
electromagnet  need  not  be  very  powerful  to  support  one  person 
(fig.  424).  Electromagnets  have  extended  applications,  in  tele- 
graphs, in  clocks,  and  in  electromagnetic  engines. 
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ELECTRIC  TELEGRAPH. 

491,  Electric  telegrraphs. — These  are  apparatus  by  which 
signals  can  be  transmitted  to  considerable  distances,  and  with 
enormous  velocity,  by  means  of  voltaic  currents  propagated  in 
metal  wires.     Towards  the  end  of  the  last  century,  and  at  the 


Fig.  424. 

beginning  of  the  present,  many  philosophei-s  proposed  to  corre- 
spond at  a  distance  by  means  of  the  effects  produced  by  electrical 
machines  when  propagated  in  insulated  conducting  wires.  In 
181 1,  Soemmering  invented  a  telegraph  in  which  he  used  the  de- 
composition of  water  for  giving  signals.    In  1820,  at  a  time  when 
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the  electromagnet  was  unknown,  Ampère  proposed  to  correspond 
by  means  of  magnetic  needles,  above  which  a  current  was  sent,  as 
many  wires  and  needles  being  used  as  letters  were  required.  In 
1834,  Gauss  and  Weber  constructed  an  electromagnetic  telegraph, 
in  which  a  voltaic  current  transmitted  by  a  wire  acted  on  a  magnet- 
ised bir;  the  oscillations  of  which  under  its  influence  were  ob- 
served by  a  telescope.    They  succeeded  thus  in  sending  signals 
from  the  Observatory  to  the  Physical  Cabinet  in  Gottingen,  a  dis- 
tance of  a  mile  and  a  quarter,  and  to  them  belongs  the  honour  of 
having  first  demonstrated  experimentally  the  possibility  of  electrical 
communication  at  a  considerable  distance.    In  1837,  Steinheil  in 
Munich,  and  Wheatstone  in  London,  constructed  telegraphs  ni 
which  several  wires  each  acted  on  a  single  needle  :  the  current  m 
the  first  case  being  produced  by  an  electromagnetic  machine,  and 
in  the  second  by  a  constant  battery. 

Every  electric  telegraph  consists  essentially  of  three  parts  :  i,  a 
circuit,  consisting  of  a  metallic  connection  between  two  places,  and 
an  electromotor,  for  producing  the  current  ;  2,  a  Communicator,  for 
sending  the  signals  from  one  station  ;  and,  3,  an  indicator,  for 
receiving  them  at  the  other  station.  The  manner  in  whidi  these 
objects,  especially  the  last  two,  are  effected,  can  be  greatly  varied  ; 
the  three  principal  systems  are  the  needle  telegraph,  the  dial  tele- 
graph, and  the  printing  telegraph. 

The  needle  telegraph  is  essentially  a  vertical  galvanometer  (479)  ; 
that  is  to  say,  a  magnetic  needle  suspended  vertically  in  a  coil  of 
insulated  wire.  To  the  needle  is  attached  an  index,  which  is  seen 
on  the  front  of  the  apparatus.   The  signs  are  made  by  transmitting 
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the  current  in  different  directions  through  the  multiplier,  by  which 
the  needle  is  deflected  either  to  the  right  or  left,  according  to  the 
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will  of  the  operator.  The  instrument  by  which  this  is  effected  is 
called  a  key,  or  cominutatoi-. 

In  the  dial  telegraph  an  electromagnet  causes  an  index  to  mo\  e 
over  a  dial  provided  with  the  twenty-six  letters  of  the  alphabet  ; 
that  letter  in  front  of  which  the  needle  stops,  being  the  letter  sent. 
By  this  kind  of  telegraph  messages  are  not  sent  with  great  rapidity  ; 
yet,  as  the  manipulation  is  very  simple,  it  is  frequently  used  on 
railways  and  in  private  offices. 

492.  Principle  of  Morse's  telegrapli. — This  telegraph  is  based 
on  the  temporary  viagnetisatioii  of  soft  iroji  by  the  intermittent 
passage  of  currents.  Thus  let  E  (fig.  425)  be  a  fixed  electro- 
magnet, the  insulated  wires  of  which  are  attached  to  the  two  bind- 
ing screws,  a  and  b.  Above  this  magnet  is  a  lever,  7nn,  mo\'able 
about  an  axis,  i,  and  ending  in  an  armature  of  soft  iron,  m,  so  that, 
whenever  the  magnet  is  traversed  by  a  current,  the  armature  is 
attracted,  and  the  part  of  the  lever  on  the  right  of  the  fulcrum  is 
lowered  ;  then,  when  the  current  no  longer  passes,  a  spring,  R, 
raises  the  lever  to  an  extent  regulated  by  a  screw,  O. 

Suppose,  for  example,  the  electromagnet  is  at  Bristol,  and  that 
tliere  is  a  cell,  P,  at  London,  and  two  metal  wires,  A  and  B,  by 
one  of  which  the  binding  screw,  b,  is  permanently  connected  with 
the  negative  pole  of  the  battery,  while  the  experimenter  holds  the 
other  wire  in  his  hand.  So  long  as  the  experimenter  does  not 
place  the  wire  which  he  holds  in  his  hand  in  contact  with  the  posi- 
tive pole,  the  current  does  not  pass  ;  and,  as  the  electromagnet  does 
not  act,  the  arm,  im,  of  the  lever  is  raised  (fig.  425).  But  the  moment 


Fig.  426. 


contact  is  made,  the  current  is  closed,  the  electromagnet  attracts, 
and  the  arm  im  is  lowered  (fig.  426)  ;  but  it  resumes  its  original 
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position  as  soon  as  contact  is  broken,  and  so  on  at  tlic  will  of  the 
operator.  Thus  one  person  at  London  can  cause  the  lever,  inn,  to 
oscillate  at  Bristol  as  often  and  as  rapidly  as  possible  as  he  desires. 
This  is,  in  its  simplest  form,  the  principle  of  the  elementary  mech- 
anism of  electrical  telegraphs  based  on  electromagnetism.  It  only 
remains  to  give  to  these  oscillations  a  definite  meaning  (496;. 

493.  Iiine  wire.— Of  the  various  essentials  for  a  telegraphic 
communication,  the  batteries  or  sources  of  power  have  been  already 
described,  and  we  shall  therefore  pass  to  the  explanation  of  the 
ciraiit,  or  li7ie  wire. 


Line  wires  are  either 
aerial,  siibterrafiean,  or  siib- 
maiine. 

The  aerial  wire  consists  of 
a  stout  galvanised  iron  wire 
connecting  two  stations.  At 
certain  intervals  are  wooden 
posts,  to  which  are  attached 
insulating  supports  of  porce- 
lain, which  sustain  the  wire 
(fig.  427).  Subterranean 
wires  are  used  for  cases  in 
which  an  aerial  wire  would 


Fig.  427. 


not  be  sufficiently  protected  against  accident,  as  in  towns.  They 
consist  usually  of  copper  wires  covered  with  gutta  percha  ;  this 
insulates  them  from  the  earth  in  which  they  are  placed. 

Submarine  wires  or  cables  are  such  as  are  employed  in  deep 
seas,  where  great  strength  is  required.  The  ordinary  fomi  is  repre- 
sented in  figs.  4^8  and  429.    The  core  consists  of  seven  fine  wires 


Fig.  423. 


Fig.  429. 


of  very  pure  copper,  which  are  twisted  tosether  and  surrounded  by 
an  insulating  covering.  This  is  surrounded  by  an  insulating  coat- 
ing of  four  concentric  layers  of  gutta  percha  alternating  with  the 
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same  number  of  layers  of  a  material  known  as  Chatterton' s  coiii- 
potind,  which  is  essentially  a  mixture  of  resin,  pitch,  and  gutta 
percha  apphed  hot.  Round,  this  is  a  layer  of  tarred  hemp,  and  this 
again  is  surrounded  by  a  protective  coating  of  steel  wire  coated 
with  tarred  hemp,  which  preserves  it  from  the  corrosive  action  of 
the  sea. 

Fig.  428  gives  a  longitudinal  view  of  a  submarine  cable,  and 
fig.  429  a  cross  section.  The  diameter  of  the  cable  is  about  an 
inch,  and  it  weighs  about  a  ton  to  the  mile. 

494.  The  earth  as  a  conductor. —  In  figs.  425  and  426  we 
have  not  merely  a  wire  connecting  the  positive  pole  of  the  battery 
with  the  electromagnet,  but  there  is  a  second  one  which  acts  as  a 
return  wire.  In  1837  Steinheil  made  the  very  important  discovery 
that  the  earth  might  be  utilised  for  the  return  conductor.  This  has 
the  twofold  advantage  of  doing  away  with  the  expense  of  a  second 
wire,  and  also  of  lessening  the  resistance. 

With  this  view,  at  the  sending  station,  a  copper  wire  is  at- 
tached to  the  negative  pole,  which  is  fixed  at  the  other  end  to  a 
copper  plate,  O.    This  plate  is  placed  in  water  if  possible  (fig.  430), 


Fig.  430. 


or  at  all  events  is  sunk  some  depth  in  earth.  In  like  manner,  at 
the  receiving  station,  a  similar  wire  and  plate,  S,  are  connected 
with  the  binding  screw,  b.  Thus  while  the  negative  electricity 
passes  into  the  ground  by  the  plate,  O,  the  positive  electricity  which 
reaches  the  electromagnet  and  the  binding  screw,  enters  the  ground 
by  the  plate,  S.  Hence  there  is  in  the  wire,  A,  and  in  the  electro- 
magnet, the  same  circulation,  and  therefore  the  same  effects  as 
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when  the  binding  screw,  b,  communicates  directly  with  the  nega- 
tive pole  of  the  battery  by  means  of  a  metal  wire. 

495.  Morse's  telegraph.— Fig.  431  represents  a  station  at 
which  a  despatch  is  being  sent  by  the  help  of  this  apparatus,  and 
tig.  432  represents  the  receiving  station.  At  each  station  the  appa- 
ratus is  the  same  ;  it  is  double,  and  consists  of  two  distinct  parts, 
the  key,  by  which  the  signals  are  sent,  and  the  receiving  instru- 
ment which  registers  them.  These  two  parts  are  represented  on  a 
larger  scale  in  figs.  433  and  434. 


Fig-  43I- 


To  understand  how  they  work  let  us  begin  with  fig.  431. 
Below  the  table  is  a  box  containing  the  battery,  which  furnishes  the 
current.  This  passes  by  the  wire,  P,  into  the  key,  which  will  be  aftér- 
wards  described  (fig.  433).    Thence  it  passes  into  a  small  galvano- 
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meter,  which  indicates  by  the  deflection  of  its  needle  whether  the 
current  is  passing  or  not.  The  current  ultimately  attains  the  piece, 
M,  which  acts  as  a  lightning  conductor,  as  we  shall  afterwards  see, 
and  thence  it  goes  to  the  wire,  L,  which  is  the  lijie  wire. 

This  wire  is  again  seen  at  the  top  of  fig.  432,  whence  the  arriving 


Fig.  432. 

'  current  again  passes  into  the  lightning  conductor,  then  into  a  gal- 
vanometer, and  next  to  a  key,  whence  it  passes  into  the  electro- 
magnet, which  makes  part  of  the  receiver.  It  then  enters  the 
wire,  T,  which  leads  it  to  earth. 

496.  Morse's  key  and  receiving:  Instrument. — The  general 
arrangement  of  the  apparatus  being  understood,  the  following  are 
the  details  of  its  action.  The  key  consists  of  a  small  mahogany 
base,  which  acts  as  support  for  a  metallic  lever,  hk  (fig.  433). 
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movable  in  its  middle  on  a  horizontal  axis.  The  end,  B,  of  this 
lever  is  always  pressed  upwards  by  a  spring,  r,  beneath  ;  at  the  other 


end  a  screw  passes 
through  it,  which  rests 
on  a  small  metal  sup- 
port, in  contact  with 
the  wire,  A.  Fig.  433 
represents  the  key 
at  the  moment  it  re- 


ceives the  dispatch,  as  Fig.  433. 

at  work  for  instance  in  fig.  432.  The  current  enters  then  by  the 
wire,  L,  which  is  the  line  wire,  rises  into  the  lever,  hk,  and  de- 
scends by  the  screw  pin,  a,  into  the  wire.  A,  which  leads  to  the  indi- 
cator. If,  on  the  other  hand,  the  key  is  to  be  used  for  sending  a 
message,  as  represented  in  fig.  431,  it  will  be  seen  that  the  lever. 
kh,  does  not  touch  the  metal  pin  in  which  the  wire,  P,  terminates. 
But  if  the  lever,  h,  is  loAvered  by  pressing  the  end,  B,  contact  is  set 
up,  and  the  current,  P,  at  once  passes  into  the  lever,  hk,  and  thence 
into  the  wire,  L,  which  leads  it  to  the  station  signalled  to  ;  for  the 
same  wire  is  used  to  send  and  to  receive  the  message. 

The  indicator  consists  of  an  electromagnet,  E,  fig.  434,  which 
whenever  the  current  is  transmitted,  acts  attractively  on  an  armature 
of  soft  iron,  m,  fixed  at  the  end  of  a  lever,  mn,  movable  about  an 
axis  ;  when  the  current  is  open,  the  lever  is  raised  by  a  spring,  R. 


 r-f"^ 

Fig.  434. 

At  the  other  end  of  the  lever  there  is  a  pencil  .v,  which  writes  the 
signals.  For  this  purpose  a  long  band  of  strong  paper,  ab,  rolled 
round  a  drum,  S  (figs.  431  and  432),  passes  between  two  brass 
rollers  with  a  rough  surface,  turning  in  contrary  directions.  Drawn 
in  the  direction  of  the  arrows,  the  band  of  paper  becomes  rolled  on 
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a  second  drum,  O,  whicli  is  turned  by  hand.  A  clockwork  motion 
placed  in  the  box,  V,  works  the  rollers,  between  which  the  band  of 
paper  passes. 

The  paper  being  thus  set  in  motion,  whenever  the  electromagnet 
works,  the  point,  .f,  strikes  the  paper,  and,  without  perforating  it, 
produces  an  indentation,  the  shape  of  which  depends  on  tiie  time 
during  which  the  point  is  in  contact  with  the  paper.  If  it  only 
strikes  it  instantaneously,  it  makes  a  dot  (-)  ;  but  if  the  contact  is  of 
any  greater  duration  a  line  or  dash  (— )  of  corresponding  length  is 
produced.  Hence,  by  varying  the  length  of  contact  of  the  trans- 
mitting key  at  one  station,  a  combination  of  dots  or  dashes  may  be 
produced  at  another  station,  and  it  is  only  necessary  to  give  a  defi- 
nite meaning  to  these  combinations. 

This  is  effected  as  follows  in  Morse's  alphabet . 


PRtNTINO. 

.VKEDIK. 

riUNTlXG. 

.VEEDIE. 

A 

N 

/. 

B   

0 

Ill 

AA 

p 

Jls 

D  

As 

Q 

IIJ 

E  - 

\ 

R 

Js 

F   

vsA 

S 

G  

/Is 

T 

/ 

H   

WW 

U 

I 

w 

\' 

wsl 

J// 

W 

Jl 

K  

Lf 

X 

Av/ 

L   

Jw 

Y 

Is  II 

M  

11 

Z 

/As 

Fig-  435- 


The  other  signals  are  those  of  the  single  needle  instrument 
(491).    The  signal  \  denotes  a  deflection  of  the  top  of  the  vertical 
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needle  to  the  left,  and  the  signal  /  to  the  right.  They  correspond 
respectively  to  the  dot  and  dash  of  the  Morse  alphabet. 

497.  Tne  Sounder. — Anyone  present  while  a  message  is  being 
received  at  a  telegraph  station,  is  astonished  at  the  promptitude 
and  accuracy  with  which  signals  are  read  and  transmitted  by  the 
operators.  These  acquire  such  skill  that  they  can  read  a  message 
by  the  sounds  which  the  armature  makes  in  striking  against  the 
electromagnet  of  the  indicator. 

Based  on  this  fact  a  form  of  instrument  invented  in  America  has 
come  into  use  for  the  purpose  of  reading  by  sound.  The  sounder j 
as  it  is  called,  is  essentially  a  small  electromagnet  on  an  ebonite 
base,  resembling  the  relay  in  fig.  438.  The  armature  is  attached  to 
one  end  of  a  lever,  and  is  kept  at  a  certain  distance  from  the  electro- 
magnet by  a  spring.  When  the  current  passes,  the  armature  is  at- 
tracted against  the  electromagnet  with  a  sharp  click,  and  when  the 
current  ceases  it  is  withdiawn  by  the  spring.  Hence  the  interval 
between  the  sounds  is  of  longer  or  shorter  duration  according  to 
the  will  of  the  sounder,  and  thus  in  effect  a  series  of  short  and  long 
sounds  can  be  produced,  which  correspond  to  the  dots  and  dashes 
of  the  Morse  alphabet. 

498.  Improvements  in  îVïorse's  telegrapli. — In  the  apparatus 
just  described,  the  indentations  on  the  paper  only  give  indistinct 


Fig.  436. 

dots  and  dashes,  unless  the  current  transmitted  be  \  er}-  powerful. 
To  get  rid  of  this  inconvenience,  and  to  expend  less  force,  the 
apparatus  has  been  modified  so  that  the  signals  can  be  traced  in 
ink.  With  this  view,  all  the  other  parts  being  the  same,  the  follow- 
ing arrangement  is  made  : 
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A  roller,  a,  fig.  436,  covered  with  flannel^  is  moistened  with  a 
suitable  ink.  Above  the  roller,  and  in  contact  with  it,  is  an  endless 
band///  rolled  on  two  pulleys,  0,  0',  which  are  turned  by  the  clock- 
work motion  which  moves  the  paper.  This  is  kept  by  a  roller, 
è,  very  near  the  chain,  but  not  touching  it.  That  being  premised, 
whenever  the  current  passes  in  the  electromagnet,  the  armature.  A, 
is  atti^acted,  the  arm  of  the  lever  k,  is  depressed,  and  a  pin,  i,  at  its 
end  rests  on  the  band,  and  places  it  in  contact  with  the  paper. 
The  band  depositing  the  ink  which  it  has  taken  from  the  roller, 
makes  on  the  paper,  as  it  moves  along,  a  dot  or  a  dash,  according 
to  the  length  of  time  the  current  passes,  and  which  dots  and  dashes 
have  the  same  meaning  as  above. 

499.  j^igbtnin^  conductor. — Besides  the  parts  of  the  telegraph 
already  described  there  are  three  of  which  mention  must  be  made  ; 
the  lightning  condnctor,  the  alarum,  and  the  relay. 

The  influence  of  storm  clouds  in  decomposing  the  natural  elec- 
tricity of  the  wire,  often  produces  sufficient  tension,  not  merely  to 
interfere  with  the  transmission  of  the  despatches,  but  also  to  pro- 
duce dangerous  discharges.  The  lightning  conductor  is  intended 
to  remedy  these  inconveniences. 

Represented  at  M  in  figs.  431  and  432,  it  consists  of  a  vertical 
stand  on  which  are  two  copper  plates,  indented  like  a  saw,  and 
arrans^ed  so  that  the  teeth  are  near  eàch  other  but  do  not  touch. 
One  of  these  plates  is  connected  with  the  earth,  the  other  with  the 
line  wire.  Hence,  when,  by  the  inductive  action  of  a  storm  cloud, 
electiricity  accumulates  in  wires  and  in  the  apparatus,  it  escapes  by 
the  points  to  the  plate  which  is  connected  with  the  ground,  and 
thus  all  danger  from  a  discharge  is  avoided. 

500.  Eiectrical  alarum. — The  electrical  alai-mn  is  intended  to 
warn  the  receiving  station  that  a  despatch  is  about  to  be  sent. 
Represented  in  fig.  437,  it  consists  of  a  board  on  which  is  fixed  an 
electromagnet  by  means  of  a  piece  of  brass,  E.  The  current  from 
the  line  arriving  by  a  binding  screw,  w,  passes  to  the  wire  of  the 
electromagnet,  thence  into  the  armature,  into  a  steel  spring,  c. 
which  presses  against  the  armature,  and  ultimately  emerges  by  a 
second  terminal,  n. 

Thus,  whenever  the  current  of  the  line  wire  reaches  the  electro- 
magnet, the  armature,  a,  is  attracted,  and  a  clapper,  P,  fixed  to  this 
armature,  strikes  against  a  bell,  T,  and  makes  it  sound.  The 
moment  the  clapper  strikes,  as  the  armature  is  no  longer  in  contact 
with  the  spring,  C,  the  current  is  open,  the  electromagnet  no  longer 
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attracts,  and  the  armature  reverts  to  its  original  position  by  tlie 
action  of  a  spring,  c,  to  wliich  it  is  fixed. 

Tiie  current  being  closed  afresh,  a  second  attraction  takes  place, 
and  so  on  until  the  telegi-aph 
cleric,  thus  warned,  lets  the  cur- 
rent pass  directly  into  the  in- 
dicator without  passing  through 
the  alarum.  This  he  accom- 
plishes by  means  of  an  instru- 
ment called  the  shunt. 

Relay.  In  describing  the  re- 
ceiver we  have  assumed  that  the 
current  of  the  line  coming  by  the 
line  wire,  A  (fig.  436),  entered 
directly  into  the  electromagnet, 
and  worked  the  armature,  A, 
producing  a  despatch  ;  but  when 
the  current  has  to  traverse  a  dis- 
tance of  a  few  miles,  owing  to 
the  resistance  of  the  wire  and 
the  losses  of  insulation,  its  in- 
tensity is  diminished  so  greatly 
that  it  cannot  act  upon  the  elec- 
tromagnet with  sufficient  force 
to  print  a  despatch.  Hence  it  is  necessary  to  have  recourse  to  a  relay, 
that  is,  to  an  auxiliary  electromagnet,  which  is  still  traversed  by  the 
current  of  the  line,  but  which  serves  to  introduce  into  the  communi- 
cator the  current  of  a  local  battery  of  four  or  five  elements  placed  at 
the  station,  and  only  used  to  print  the  signals  transmitted  by  the  wire. 

For  this  purpose  the  current  from  the  line  entering  the  relay  by 
the  binding  screw,  L  (fig.  438),  passes  into  an  electromagnet,  E, 
whence  it  passes  into  the  earth  by  the  binding  screw,  T.  Now,  each 
time  that  the  current  of  the  line  passes  into  the  relay,  the  electro- 
magnet attracts  an  armature.  A,  fixed  at  the  bottom  of  a  vertical 
lever, ^,  which  oscillates  about  a  horizontal  axis. 

At  each  oscillation  the  top  of  the  lever,  strikes  against  a  button, 
and  at  this  moment  the  current  of  the  local  battery  which  enters 
by  the  binding  screw,  c,  ascends  the  column,  ;//,  passes  into  the 
lever,  p,  and,  by  an  insulated  contact  not  shown  in  the  figure,  de- 
scends by  the  rod,  c,  which  transmits  it  to  the  binding  screw,  Z: 
thence  it  enters  the  electromagnet  of  the  indicator,  whence  it  emerges, 

M  M 


Fig.  437- 


S30 


Voltaic  Electricity. 


[500- 


to  return  to  the  local  battery  from  which  it  started,  and  thus  complete 
the  circuit.  Thus  when  the  current  of  the  line  is  open,  the  electro- 
magnet of  the  relay,  E,  does  not  act,  and  the  lever,  p,  drawn  by  a 
spring,  leaves  the  button,  ;z,  as  shown  in  the  drawing,  and  the 
local  current  no  longer  passes.    Thus  the  relay  transmits  to  the 


Fig.  438- 


indicator  exactly  the  same  phases  of  make  and  break  as  those  pro- 
duced by  the  key  in  the  station  which  sends  the  despatch. 

501.  Electromagnetic  engines. —  Many  physicists  have  at- 
tempted to  utilise  the  attractive  force  of  electromagnets  as  a  motive 
power.  Jacobi,  of  St.  Petersburg,  appears  to  have  been  the  first 
to  construct  a  machine  of  this  kind,  with  which,  in  1838,  he  moved 
on  the  Neva  a  small  boat  containing  twelve  persons.  Since  that 
time  the  construction  of  these  machines  has  been  considerably 
modified  ;  but  in  all  of  them  the  expense  of  the  zinc  and  acids 
which  they  use  far  exceeds  that  of  steam  engines  of  the  same 
power.  Until  some  cheaper  source  of  electricity  shall  have  been 
discovered,  there  is  no  e-xpectation  that  electromagnetic  engines 
can  be  applied  at  all  economically. 

Fig.  440  represents  an  electromagnetic  engine  constructed  by 
Froment.  It  consists  of  four  electromagnets  acting  in  two  couples, 
on  two  pieces  of  soft  iron,  P,  only  one  of  which  is  seen  in  the 
figure.  This  piece,  attracted  by  the  electromagnets,  EF,  transmits 
the  motion  by  means  of  a  connecting  rod  to  a  crank,  m,  fi.xed  at 
the  end  of  a  horizontal  axis.  To  this  is  fixed  a  fly-wheel  like  that 
of  a  steam  engine,  which  is  intended  to  regulate  the  rotatory 
motion.  On  this  axis  also  is  a  piece  of  metal,  n,  of  a  greater 
diameter,  the  action  of  which  will  be  described  presently. 
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The  current  of  the  battery,  entering  at  A,  passes  into  a  cast-iron 
base,  B,  then  by  various  metallic  connections  it  reaches  the  metal 
piece,  Thence  the  current  ought  to  pass  alternately  to  the  first 
couple  of  electromagnets,  EF,  and  then  to  the  second,  ef.  In  order 
to  understand  how  this  alteration  in  the  path  of  the  current  is 
effected,  let  us  refer  to  fig.  439  on  the  right  of  the  picture,  which 
represents  a  section  of  the  pie:e,  n,  and  its  accessories.  On  this 
piece  is  a  projection,  e,  which  is  called  a  cam,  and  which,  during  a 
complete  turn,  successively  touches  two  springs,  a  and  b  ;  these  are 
intended  to  transmit  to  the  electromagnets  the  current,  the  direc- 
tion of  which  is  indicated  by  the  unfeathered  arrows  ;  the 
arrows  do  not  show  the  direction  of  the  current,  but  the  direction 
of  the  motion  of  the  various  pieces  of  the  machine. 

These  details  being  known,  it  will  be  seen  that  the  current  passes 
alternately  into  two  springs,  a  and  b,  and  from  thence  into  the 
two  systems  of  electromagnets,  EF  and  ef;  the  piece,  P,  is  first  of 
all  attracted,  then  a  similar  one,  which  is  placed  at  the  other  end 
of  the  axis  of  the  fly-wheel.  There  is  thus  produced  a  continuous 
circulating  motion,  which  is  transmitted  by  an  endless  band  to  a 
train  of  wheels,  which  works  two  hfting  pumps. 


CHAPTER  XII. 
INDUCTION  BY  ELECTRICAL  CURRENTS. 

502.  Induction  toy  currents.— We  have  already  seen  (415) 
that  by  the  term  indice tion  is  meant  the  action  which  electrified 
bodies  exert  at  a  distance  on  bodies  in  the  natural  state.  Hitherto 
we  have  only  had  to  deal  with  electrostatical  induction  ;  we  shall 
now  see  that  dynamical  electricity  produces  analogous  effects. 

Faraday  discovered  this  class  of  phenotnena  in  1832,  and  he 
c'a\  e  the  name  of  currents  of  induction  or  induced  currents,  to 
fnstantaneous  currents  developed  in  metallic  conductors  by  the 
influence  or  induction  of  metallic  conductors  traversed  by  electric 
currents,  or  by  the  influence  of  powerful  magnets,  or  even  by  the 
magnetic  action  of  the  earth  ;  and  the  currents  which  give  rise  to 
them  he  called  inducing  currents. 

The  inductive  action  of  currents  at  the  moment  of  openmg  or 
closing  may  be  shown  by  means  of  a  coil  with  two  wires.  This 
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consists  (fig.  441)  of  a  hollow  cylinder  of  wood  or  of  cardboard,  on 
which  a  quantity  of  stout  silk-covered  copper  wire  is  coiled  ;  on  this 
is  coiled  a  considerably  greater  length  of  fine  copper  wire,  also  in- 
sulated by  being  covered  with  silk.  This  latter  coil,  which  is  called 
the  secondary  coil,  is  connected  by  its  ends  with  two  binding 
screws,  a,  b,  from  which  wires  pass  to  a  galvanometer,  G,  while  the 
thicker  wire,  the  primary  coil,  is  connected  by  its  extremities  with 
two  binding  screws,  c  and  d.  One  of  these,  d,  being  connected 
with  one  pole  of  a  battery,  when  a  wire  from  the  other  pole  is  con- 
nected with  c,  the  current  passes  in  the  primary  coil,  and  in  this 
alone.    The  following  phenomena  are  then  observed  : 

i.  At  the  moment  at  which  the  thick  wire  is  traversed  by  the 
current,  the  galvanometer,  by  the  deflection  of  the  needle,  indicates 
the  existence  in  the  secondary  coil  of  a  current  inverse  to  that  in 
the  primary  coil,  that  is,  in  the  contrary  direction  :  this  is  only  in- 
stantaneous, for  the  needle  immediately  reverts  to  zero,  and  remains 
so  as  long  as  the  inducing  current  passes  continuously  through  cd. 


Fig.  441. 

ii.  At  the  moment  at  which  the  current  is  opened,  that  is,  when 
the  wire  cd  ceases  to  be  traversed  by  a  current,  there  is  again  pro- 
duced in  the  wire  ab  an  induced  current,  instantaneous  like  the 
first,  but  direct,  that  is,  in  the  same  direction  as  the  inducing  current. 

503.  Induction  by  magnets  and  by  tlie  action  of  the  earth. 
— It  has  been  seen  that  the  influence  of  a  current  magnetises  a 
steel  bar  ;  in  like  manner  a  magnet  can  produce  induced  electrical 
currents  in  metallic  circuits.  Faraday  showed  this  by  means  of 
a  coil  with  a  single  wire  of  200  to  300  yards  in  length.  The  two 
extremities  of  the  wire  being  connected  with  the  galvanometer, 
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as  shown  in  fig.  442,  a  strongly  magnetised  bar  is  suddenly  inserted 
in  the  bobbin,  and  the  following  phenomena  are  observed  : 

i.  At  the  moment  at  which  the  magnet  is  introduced,  the  galva- 
nometer indicates  in  the  wire  the  existence  of  a  current,  the  direc- 
tion of  which  is  opposed  to  that  which  circulates  round  the  magnet, 
considering  the  latter  as  a  solenoid  on  Ampère's  theory  (488). 

ii.  The  needle  soon  returns  to  zero,  and  remains  there  as  long  as 
the  magnet  is  in  the  coil  ;  when  it  is  withdrawn,  the  needle  of  the 
galvanometer,  which  has  returned  to  zero,  indicates  the  existence 
of  a  direct  current. 

The  inductive  action  of  magnets  may  also  be  illustrated  by  the 
following  experiment  :  A  bar  of  soft  iron  is  placed  in  the  above 
bobbin  and  a  strong  magnet  suddenly  brought  in  contact  with  it  ; 
the  needle  of  the  galvanometer  is  reflected,  but  returns  to  zero  when 
the  magnet  is  stationary,  and  is  deflected  in  the  opposite  direction 


Fig.  442. 

when  it  is  removed.  The  induction  is  here  produced  by  the  mag- 
netisation of  the  soft  iron  bar  in  the  interior  of  the  bobbin  under 
the  influence  of  the  magnet. 

Faraday  discovered  that  terrestrial  magnetism  can  develope 
induced  currents  in  metallic  bodies  in  motion  ;  that  it  acts  like  a 
powerful  magnet  placed  in  the  interior  of  the  earth  in  the  direction 
of  the  dipping  needle,  or,  according  to  the  theory  of  Ampère,  like  a 
series  of  electrical  currents  directed  from  east  to  west  parallel  to 


-505] 


Properties  of  Induced  Currents. 


535 


the  magnetic  equator.  He  first  proved  this  by  placing  a  long 
heli.K  of  copper  wire  covered  with  silk  in  the  plane  of  the  magnetic 
meridian  parallel  to  the  dipping  needle  ;  by  turning  this  helix 
throu-h  a  semicircle  round  an  axis  in  its  middle,  perpendicular  to 
its  length,  he  observed  that  at  each  turn  a  galvanometer,  connected 
with  the  two  ends  of  the  helix,  was  deflected. 

504  Properties  of  Induced  currents.— Notwithstanding  their 
instantaneous  character,  it  appears  mainly  from  the  experiments  of 
Faraday,  their  discoverer,  that  induced  currents  have  all  the  pro- 
perties of  ordinary  currents.  They  produce  violent  physiological 
luminous,  calorific,  and  chemical  effects,  and  finally  give  rise  to 
new  induced  currents.  They  also  deflect  the  magnetic  needle,  and 
magnetise  steel  bars  when  they  are  passed  through  a  copper  wire 
coiled  in  a  helix  round  the  bars. 

The  intensity  of  the  shock  produced  by  induced  currents  renders 
their  effects  comparable  to  those  of  electricity  in  a  state  of  tension. 
But  as  they  act  on  the  galvanometer  the  electricity  is  present,  both 
in  a  state  of  tension  and  in  the  dynamical  condition. 

These  phenomena  of  induction  currents  are  well  seen  in  Ruhm- 
korff^'s  coil,  which  we  shall  now  describe. 

505.  Ruhmkorff's  coil.— This  is  an  arrangement  for  producing 
induced  currents,  in  which  a  current  is  induced  by  the  action  of  an 
electric  current,  whose  circuit  is  alternately  opened  and  closed  in 


Fig-  443- 

rapid  succession.  These  instruments,  known  as  inductoritims  or 
inihiction  coils,  present  considerable  variety  in  their  construction, 
hut  all  consist  essentially  of  a  hollow  cylinder  in  which  is  a  bar  of 
soft  iron,  or  bundle  of  iron  wires,  with  two  helices  coiled  round  it, 
one  connected  wiih  the  poles  of  a  battery,  the  current  of  which  is 
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alternately  opened  and  closed  by  a  self-acting  arrangement,  and 
the  other  serving  for  the  development  of  the  induced  current.  By 
means  of  these  apparatus,  with  a  current  of  three  or  four  Grove's 
cells,  physical,  chemical,  and  physiological  effects  are  produced 
equal  to  and  superior  to  those  obtainable  with  electrical  machines 
and  even  the  most  powerful  Leyden  batteries. 

Of  all  the  forms  of  induction  coils,  those  constructed  by  Ruhm- 
korff  in  Paris,  and  by  Ladd  and  Apps  in  this  country,  are  the 
most  powerful.  Fig.  443  is  a  representation  of  one,  the  coil  of 
which  is  about  14  inches  in  length.  The  primary  or  inducing 
wire  is  of  copper,  and  is  about  2  mm  in  diameter  and  4  or  5 
yards  in  length,  it  is  coiled  directly  on  a  cylinder  of  cardboard, 
which  forms  the  nucleus  of  the  apparatus,  and  is  enclosed  in  an 
insulating  cylinder  of  glass,  or  of  ebonite.  On  these  is  coiled  the 
secondary  or  induced  wire,  which  is  also  of  copper,  and  is  about 
imm.  in  diameter.  A  great  point  of  these  apparatus  is  the  insula- 
tion. The  wires  are  not  merely  insulated  by  being  in  the  first  case 
covered  with  silk,  but  each  individual  coil  is  separated  from  the 
rest  by  a  layer  of  melted  shellac.  The  length  of  the  secjndary 
wire  varies  greatly  ;  in  some  of  the  largest  sizes  it  is  as  much  as 
two  or  three  hundred  miles.  With  these  great  lengths  the  wire  is 
thinner,  about  Juim. 

The  following  is  the  working  of  the  apparatus.  The  current 
arriving  by  the  wire,  P,  at  a  binding  screw,  a,  passes  thence  into  the 
commutator,  C  (fig.  443)  ;  thence  by  the  binding  screw,  it  enters 
the  primary  wire,  where  it  acts  inductively  on  the  secondarj'  wire  ; 
having  traversed  the  primary  wire  it  emerges  by  the  wire,  s  (fig.  444). 

Following  the  direction  of 
the  arrows,  it  will  be  seen 
that  the  current  ascends  in 
the  binding  screw,  i,  reaches 
an  oscillating  piece  of  iron, 
called  the  Uavwier,  descends 
by  the  anvil,  h,  and  passes 
into  a  copper  plate,  K,  which 
takes  it  to  the  commutator, 
C.  1 1  goes  from  there  to  the 
binding  screw,  c,  and  finally 
to  the  negative  pole  of  the  bat- 
tery by  the  wire,  N  (fig.  443). 
only  acts  inductively  on  the 
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The  current  in  the  primary  wire 
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secondary  wire  (502),  when  it  opens  or  closes,  and  hence  it  must  be 
constantly  interrupted.  This  is  effected  by  means  of  the  oscillating 
hammer,  o,  omitted  in  figure  443,  but  represented  on  a  larger  scale 
in  fig.  444.  In  the  centre  of  the  bobbin  is  a  bundle  of  soft  iron  wires, 
forming  together  a  cylinder  a  little  larger  than  the  bobbin,  and  thus 
projecting  at  the  end  as  seen  at  A.,  When  the  current  passes  in 
the  primary  wire,  this  hammer,  0,  is  attracted  ;  but  immediately, 
there  being  no  contact  between  0  and  /i,  the  current  is  broken,  the 
magnetisation  ceases,  and  the  hammer  falls  ;  the  current  again 
passing,  the  same  series  of  phenomena  recommences,  so  that  the 
hammer  oscillates  with  great  rapidity. 

In  proportion  as  the  current  passes  thus  intermittently  in  the 
primary  wire  of  the  bobbin,  at  each  interruption  an  induced  current, 
alternately  direct  and  inverse,  is  produced  in  the  secondary  wire. 
But  as  this  is  perfectly  insulated,  the  current  acquires  such  an 
intensity  as  to  produce  very  powerful  effects.  Fizeau  increased 
this  intensity  by  interposing  a  cotidenser  in  the  induced  circuit.  As 
constructed  by  Ruhmkorff,  for  his  largest  apparatus,  it  consists  of 
150  sheets  of  tinfoil  about  18  inches  square;  these  sheets  being 
joined  are  coiled  on  two  sides  of  a  sheet  of  oiled  silk,  which  insulates 
them,  forming  thus  two  armatures  ;  they  are  then  coiled  several 
times  round  each  other,  so  that  the  whole  can  be  placed  below  the 
helix  in  the  base  of  the  apparatus.  One  of  these  armature?, 
the  positive,  is  connected  with  the  binding  screw,  ?,  which  receives 
the  current  on  emer^jing  from  the  bobbin  ;  and  the  other,  the  nega- 
tive, is  connected  with  the  binding  screw,  which  communicates 
by  the  plate,  K,  with  the  commutator,  C,  and  with  the  battery. 

506.  Effects  produced  by  Ruhmkorff's  coil — The  high  degree 
of  tension  which  the  electricity  of  induction  coil  machines  possesses 
has  long  been  known,  and  many  luminous  and  calorific  effects 
have  been  obtained  by  their  means.  But  it  is  only  since  the 
improvements  which  Ruhmkorff  has  introduced  into  his  coil,  that 
it  has  been  possible  to  utilise  all  the  tension  of  induced  currents, 
and  to  show  that  these  currents  possess  the  properties  of  statical 
as  well  as  dynamical  electricity. 

Induced  currents  are  produced  in  the  coil  at  each  opening  and 
breaking  of  contact.  But  these  currents  are  not  equal  either  in 
duration  or  in  tension.  The  direct  current,  or  that  on  opening,  is 
of  shorter  duration,  but  more  tension  ;  that  of  closing  of  longer 
duration  but  less  tension.  Hence  if  the  two  ends,  P  and  P',  of  the 
fine  wire  (figs.  443  and  444)  are  connected,  as  there  are  two  equal 
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and  contrary  quantities  of  electricity  in  the  wire,  the  two  currents 
neutralise  each  other.  If  a  galvanometer  is  placed  in  the  circuit, 
only  a  very  feeble  deflection  is  produced  in  the  direction  of  the 
direct  current.  This  is  not  the  case  if  the  two  extremities,  P  and 
P',  of  the  wire  are  separated.  As  the  resistance  of  the  air  is 
then  opposed  to  the  passage  of  the  currents,  that  which  has  most 
tension,  that  is,  the  direct  one,  passes  in  excess,  and  the  more  so 
the  greater  the  distance  of  P  and  P',  up  to  a  certain  limit,  at  which 
neither  passes.  There  are  then  at  P  and  P'  nothing  but  tensions 
alternately  in  contrary  directions. 

The  effects  of  the  coil,  like  those  of  the  battery,  may  be  classed 
under  the  heads  physiological,  chemical,  heating,  hanitwus,  me- 
c]ia7iical  ;  they  have  this  difference,  that  they  are  enormously  more 
intense. 

The  physiological  effects  of  Ruhmkorffs  coil  are  very  powerful  ; 
in  fact,  the  shocks  are  so  violent  that  many  experimenters  have 
been  suddenly  prostrated  by  them.  A  rabbit  may  be  killed  with 
an  induction  current  arising  from  two  of  Bunsen's  elements,  and  a 
somewhat  larger  number  of  couples  would  kill  a  man. 

The  heating  effects  are  also  easily  observed  ;  it  is  simply  neces- 
sary to  interpose  a  very  fine  iron  wire  between  the  two  ends,  P  and 
P',  of  the  induced  wire  ;  this  iron  wire  is  immediately  melted,  and 
burns  with  a  bright  light.  The  spark  of  the  Ruhmkorff 's  coil  is 
used  to  fire  mines  in  military  and  mining  operations. 

The  chemical  effects  are  very  varied,  inasmuch  as  the  apparatus 
produces  both  the  ordinary  effects  of  the  currenc  and  of  electricity 
in  a  high  state  of  tension.  Thus,  according  to  the  shape  and 
distance  of  the  platinum  electrodes  immersed  in  water,  and  to  the 
degree  of  acidulation  of  the  water,  either  luminous  effects  may  be 
produced  in  water  without  decomposition,  or  the  water  may  be 
decomposed  and  the  mixed  gases  disengaged  at  the  two  poles,  or 
the  decomposition  may  take  place,  and  the  mixed  gases  separate 
either  at  a  single  pole  or  at  both  poles. 

The  luminous  effects  of  Ruhmkorff 's  coil  are  also  x&xj  remark- 
able, and  vary  according  as  they  take  place  in  air,  in  vacuo,  or  in 
very  rarefied  vapours.  In  air  the  coil  produces  a  very  bright  loud 
spark,  which,  with  the  largest-sized  coils,  has  a  length  of  eighteen 
inches.  In  vacuo  the  effects  are  also  remarkable.  The  experiment 
is  made  by  connecting  the  two  wires  of  the  coil,  P  and  P',  with  the 
two  rods  of  the  electrical  egg  (fig.  369),  used  for  producing  in 
vacuo  the  luminous  effects  of  the  electrical  machine.    A  vacuum 
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having  been  produced,  :i  beautiful  luminous  trail  is  produced  from 
one  knob  to  the  other,  which  is  virtually  constant,  and  has  the 
same  intensity  as  that  obtained  with  a  powerful  electrical  machine 
when  the  plate  is  turned. 

If  this  light  be  closely  observed,  it  will  be  found  that  if  some 
vapour  of  turpentine,  or  wood  spirit,  or  bisulphide  of  carbon,  have 
been  introduced  into  the  globe  before  exhaustion,  instead  of  being 
continuous,  the  light  consists  of  a  series  of  alternately  dark  and 
bright  zones,  forming  a  pile  of  electric  light  between  the  two 
poles.  This  phenomenon  is  known  as  the  stratification  of  the 
electric  tigtit,  and  is  due  to  the  circumstance  that  the  current  is 
discontinuous. 

The  brilliancy  and  beauty  of  the  stratification  of  the  electric 
light  are  most  remarkable  when  the  discharge  of  the  Ruhmkorff's 
coil  takes  place  in  glass  tubes  containing  a  highly  rarefied  vapour 
or  gas.  These  phenomena,  which  have  been  investigated  by  Mas- 
son,  Grove,  Gassiot,  Pliicker,  etc.,  are  produced  by  means  of  sealed 
glass  tubes  first  constructed  by  Geissler,  of  Bonn.  These  tubes 
are  filled  with  different  gases  or  vapours,  and  are  then  exhausted. 
At  the  ends  of  the  tubes  two  platinum  wires  are  soldered  into  the 
glass.    See  figs,  on  the  right  and  left  in  the  coloured  plate. 

When  the  two  platinum  wires  are  connected  with  the  ends  of 
a  Ruhmkorff's  coil,  magnificent  lustrous  striœ,  separated  by  dark 
bands,  are  produced  all  through  the  tube.  These  striae  vary  in 
shape,  colour,  and  lustre  with  the  degree  of  the  vacuum,  the  nature 
of  the  gas  or  vapour,  and  the  dimensions  of  the  tube.  The  phe- 
nomenon has  occasionally  a  still  more  brilliant  aspect  from  the 
fluorescence  which  the  electric  discharge  excites  in  the  glass. 

The  figure  on  the  right  (coloured  plate)  represents  the  appear- 
ance presented  by  hydrogen  ;  in  the  bulbs  the  light  is  a  pale 
lavender  blue,  in  the  capillary  parts  it  is  red. 

In  carbonic  acid  the  colour  is  greenish,  and  the  strias  have  not 
the  same  shape  as  in  hydrogen  ;  in  nitrogen,  as  represented  in  the 
figure  on  the  left,  the  light  is  reddish  violet.  In  chlorine  the 
colour  is  reddish  violet  in  the  wide  part  of  the  tube,  and  in  very 
narrow  tubes  green. 

Mechanical  effects.  By  means  of  Ruhmkorff's  coil  mechanical 
effects  can  also  be  produced,  so  powerful  that,  with  the  largest  ap- 
paratus, glass  plates  two  inches  thick  ha\  e  been  perforated.  The 
result,  however,  is  not  obtained  by  a  single  discharge,  but  by  several 
sirccessive  discharges. 
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The  experiment  is  arranged  as  shown  in  fig.  445.  The  two  poles 
of  the  induced  current  correspond  to  the  binding  screws,  a  and  ^  ; 
by  means  of  a  copper  wire,  /,  the  pole,  a,  is  connected  with  the  lower 
part  of  an  apparatus  for  piercing  glass  like  that  already  described, 
(fig-  387)5  the  other  pole  is  attached  to  the  upper  conductor  by  a 
wire,  d.  This  conductor  is  insulated  in  a  large  glass  tube,  r,  filled 
with  shellac,  which  is  run  in  while  in  a  state  of  fusion.  Between 
the  two  conductors  is  the  glass  to  be  perforated,  V.    When  this 


Fig-  443- 


presents  too  great  a  resistance,  there  is  danger  lest  the  spark  pass 
in  the  coil  itself,  perforating  the  insulated  layer  which  separates  the 
wire,  and  then  the  coil  is  destroyed.  To  avoid  this,  two  wires,  f 
and  L,  connect  the  poles  of  the  coil  with  two  metal  rods,  ;;/  and  11. 
whose  distance  from  each  other  can  be  regulated.  If  then  the  spark 
cannot  penetrate  through  the  glass,  it  bursts  across  with  a  bright 
spark  and  a  loud  report,  and  the  coil  is  not  injured. 

507.  Rotation  of  induced  currents  toy  mag-nets. — De  la  Rive 
has  recently  devised  an  experiment  which  shows  in  a  most  in- 
genious and  beautiful  manner  that  magnets  act  on  the  light  in 
Geissler's  tubes  in  accordance  with  the  laws  with  which  they  act  on 
any  other  movable  conductor. 

On  the  iron  core  of  an  electromagnet,  M  (see  coloured  plate)  is 
a  soft  iron  rod  terminated  at  the  top  by  an  iron  plate;  this  rod,  with 
the  exception  of  the  top,  a,  is  inserted  in  a  very  carefully  insulated 
glass  tube.  The  binding  screw,  k,  is  in  conducting  communication 
witli  this  iron  rod.    The  whole  of  the  upper  part  of  this  arrange- 
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ment  is  fitted  into  the  tubulure  of  an  electrical  egg  ;  with  which 
the  brass  tubulure,  dd,  which  holds  the  glass  tube  is  in  conducting 
communication.  By  the  stopcock  at  the  top  the  electrical  egg  can 
be  exhausted,  and  a  few  drops  of  alcohol  are  then  introduced. 

If  now  the  wires  from  a  Ruhmkorff's  coil  are  connected  with 
the  binding  screws,  //  and  but  without  at  the  same  time  exciting 
the  electromagnet,  a  more  or  less  irregular  luminous  sheaf  passes 
from  the  plate,  a,  to  the  ring,  dd. 

But  if  a  voltaic  current  passes  into  the  electromagnet,  the  phe- 
nomenon is  different  ;  instead  of  starting  from  different  points  of 
the  upper  surface  and  the  ring,  the  light  is  condensed  and  emits  a 
single  luminous  arc.  Further,  and  this  is  the  most  remarkable  part 
of  the  experiment,  this  arc  turns  slowly  round  the  magnetised 
cylinder,  sometimes  in  one  direction,  and  sometimes  in  another, 
according  to  the  direction  of  the  induced  current,  or  the  direction  of 
the  magnetisation  evoked  in  the  core.  As  soon  as  the  magnetisation 
ceases  the  luminous  phenomenon  reverts  to  its  original  appearance. 

This  experiment  is  remarkable  as  having  been  devised  à  priori 
by  De  la  Rive  to  explain,  by  the  influence  of  terrestrial  magnetism, 
a  kind  of  rotatory  motion  from  east  to  west,  observed  in  the  aurora 
borealis.  The  rotation  of  the  luminous  arc  in  the  above  experi- 
ment can  evidently  be  referred  to  the  rotation  of  currents  by 
magnets  (^86). 

508.  The  Telephone. — We  have  already  described  an  insti^u- 
ment  in  which  communications  are  made  through  a  wire  connecting 
two  distinct  stations  by  means  of  the  sound  produced  by  the 
attraction  cf  an  armature  against  an  electro-magnet  (497).  Here 
though  the  sounds  are  all  of  the  same  kind,  they  may  be  varied  in 
duration,  and,  by  the  suitable  combination  of  short  and  long  sounds, 
it  is  possible  to  produce  signals  at  a  distant  station  which  have  a 
perfectly  definite  meaning. 

An  instrument  has  of  late  been  invented  which  is  far  in  advance 
of  this  ;  and  whether  we  lock  at  the  simplicity  of  its  principle  and 
of  its  construction,  or  at  the  importance  and  practical  utility  of  the 
results  already  obtained  by  its  means,  or  again  at  its  promise  in  the 
future,  it  must  surely  be  regarded  as  one  of  the  most  surprising  of 
modern  inventions.  By  its  means  it  is  possible  not  merely  to 
produce  sound  at  a  distance,  but  to  produce  articulate  sounds  ;  to 
speak  audibly  or  to  send  a  musical  air  through  a  circuit  of  many 
miles  of  ordinary  telegraph  wire. 

Reis  in  1862  was  the  first  to  make  a  successful  attempt  to 
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transmit  musical  sounds  to  some  distance  by  means  of  electricity. 
Tlie  general  plan  of  the  apparatus  which  he  used  is  represented  in 


c 

B 


Fig.  446, 


446.  It  consisted  essentially 
of  a  hollow  box,  B,  fig.  446,  in 
one  of  the  sides  of  which  is  a 
mouthpiece,  A,  while  another  is 
closed  by  a  thin  membrane.  On 
this  membrane  is  a  piece  of  thin 
metal  foil,  C,  which  is  connecte! 
with  a  wire  leading  to  one  pole 
of  a  battery,  G,  the  other  pole 
of  which  is  put  in  connection 
with  the  earth.  Just  above  the 
foil,  and  almost  touching  it,  is  ad- 
justed a  metal  point,  D,  which  is 
connected,  by  the  line  wire  (493), 
with  one  end  of  a  spiral  coil  of 
insulated  wire,  F,  surrounding 
an  iron  rod,  the  other  end  of 
which  is  put  to  earth  (494). 

The  production  of  sound  de- 
pends on  an  observation  made 
by  Page,  that  when  an  iron  rod 
surrounded  by  a  spiral  of  in- 
sulated wire  is  rapidh-  mag- 
netised and  demagnetised,  by 
the  intermittent  passage  of  an 
electrical  current,  a  musical 
sound  is  produced,  which  is  strengthened  by  the  spiral  being  placed 
on  a  sounding  board. 


Fig.  447- 
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Now  the  sounds  produced  by  speaking  or  singing  into  the 
mouthpiece  set  the  membrane  in  vibration;  this  alternately  opens 
and  closes  the  current,  and  these  makes  and  breaks  in  the  current 
being  transmitted  through  the  circuit  to  the  electromagnet  F  pro- 
duce the  sound. 

The  telephone  to  be  described  is  characterised  by  far  greater 
simplicity  and  efficiency,  and  also  by  its  requiring  no  electrical 
battery.  It  is  the  invention  of  Professor  Graham  Bell,  of  Boston. 
Omitting  any  reference  to  the  successive  improvements  which  have 
been  made  in  the  instrument  until  its  present  very  simple  form  has 
been  adopted,  we  may  describe  it  at  once.  It  is  represented  in 
something  less  than  half  its  ordinary  size  in  fig.  447,  while  fig.  448 
Êfives  the  details  of  the  construction. 

It  consists  essentially  of  a  steel  magnet  M,  about  four  inches  in 
length,  and  about  half  an  inch  wide,  enclosed  in  a  wooden  case. 
Round  one  end  of  this  magnet  is  fitted  a  thin  flat  coil  B  B  of  fine 
insulated  copper  wire,  the  ends  of  which  coil  pass  through  longitu- 


Fig.  448.  ■ 


dinal  holes,  L  L  in  the  case,  and  are  connected  with  the  binding 
screws  C  C.  In  front  of  the  magnet,  and  at  a  distance  which  can  be 
regulated  by  a  screw,  S,  but  which  is  something  less  than  a 'milli- 
metre, is  the  essential  feature  of  the  instrument,  a  diaphragm  D  ot 
soft  iron,  not  much  thicker  than  a  sheet  of  stout  letter  paper.  This 
diaphragm  is  screwed  down  by  the  mouthpiece  E,  which  is  similar 
to,  though  somewhat  larger  than  that  of  a  stethoscope. 

The  instruments  are  connected  by  wires,  for  one  of  which 
the  earth  may  be  substituted,  as  in  ordinary  telegraphic  communi- 
cation (494).  Each  instrument  can  be  used  either  as  sender  or 
receiver,  though  in  actual  practice  it  is  more  convenient  for  each 
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operator  to  have  two  telephones,  one  of  which  is  held  to  the  ear, 
while  the  other  is  used  for  speaking  into. 

The  action  of  the  instrument  depends  on  the  fact  that  whenever 
the  relative  positions  of  a  magnet  and  of  a  closed  coil  of  wire  are 
altered,  there  is  produced  within  the  coil  a  current  or  currents  of 
electricity.  This  may  be  illustrated  by  reference  to  fig.  442.  When 
the  magnet  is  suddenly  brought  into  the  coil  a  current  is  produced 
in  the  coil  in  a  particular  direction.  There  is  no  current  so  long 
as  the  coil  and  the  magnet  are  stationary.  When,  however,  the 
magnet  is  suddénly  withdrawn,  a  current  is  produced  in  the  oppo- 
site direction.  Similar  effects  are  produced  if,  while  the  magnet  is 
in  the  coil,  its  magnetism  is  by  any  means  increased  or  diminished. 

Now  in  the  telephone  the  magnet  and  the  coil,  when  once 
properly  adjusted,  remain  fi.xed.  But  the  magnet  M  magnetises  by 
induction  the  soft  iron  membrane  D  in  front  of  it,  that  is,  converts 
it  into  a  magnet..  When,  by  the  mouthpiece  being  spoken  into, 
this  iron  membrane  vibrates  backwards  and  forwards,  these  vibra- 
tions give  rise  to  an  alteration  in  the  magnetic  distribution  of  the 
permanent  magnet,  the  effect  of  which  is  that  currents  are  produced 
in  alternate  directions  in  the  coil  surrounding  the  pole.  More- 
over, the  alteration  in  the  relative  positions  of  the  magnetised 
diaphragm,  and  of  the  coil,  give  rise  to  currents  in  the  same  direc- 
tion as  the  above.  These  alternating  currents  being  transmitted 
through  the  circuit  to  the  distant  coil,  alternately  attract  and  cease 
to  attract  the  corresponding  diaphragm.  They  thereby  put  this  in 
vibration,  and  when  the  mouthpiece  of  this  telephone  is  held  to 
the  ear,  these  vibrations  are  perceived  as  sound,  precisely  corre- 
sponding to  that  which  is  transmitted.  Hence,  whatever  sound 
pi'oduces  the  vibration  of  the  diaphragm  of  the  sending  instrument 
is  repeated  by  the  second,  for  its  vibrations  are  exactly  reproduced. 

Although  the  reproduction  of  the  sound  in  the  receiving  instru- 
ment is  perfect  as  far  as  articulation  is  concerned,  it  is  considerably 
enfeebled.  The  sound  has  something  of  a  metallic  character,  and 
appears  as  if  heard  through  a  long  length  of  tubing.  It  is  only 
perceived  by  the  person  using  the  telephone  as  a  receiver,  and  he 
must  hold  the  mouthpiece  close  to  the  ear.  Hence  in  order  to 
attract  attention  at  the  distant  station,  an  electrical  alarum  worked 
by  a  magnetic  electrical  machine,  and  suitably  connected  in  the 
circuit,  is  used  as  a  call.  It  is  to  be  hoped  that  some  menns  will 
be  found  by  which  the  sound  may  be  strengthened  so  as  to  be 
audible  to  a  whole  room.    It  seems  difficult  to  work  the  insti'ument 
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on  a  busy  line  of  telegraphic  communication  where  there  are  several 
wires.  The  electrical  currents  passing  in  the  adjacent  wires,  and 
even  the  vibrations  of  these  wires  against  the  posts  on  which  they 
rest,  produce  a  continual  vibration  in  the  telephone  circuit,  so  that 
when,  under  these  circumstances,  a  telephone  is  held  close  to  the 
ear,  à  continuous  noise,  like  the  pattering  of  hail,  is  heard,  which 
destroys  the  sound  of  direct  speech.  Experiments  have,  however, 
been  made  by  which  the  inductive  influence  of  adjacent  wires  may 
be  overcome  and  neutralised,  and  thus  the  instrument,  it  is  hoped, 
may  be  used  in  ordinary  circuits.  The  limit  of  power  of  the  in- 
strument has  yet  to  be  ascertained.  It  has  been  found  possible  to 
speak  audibly  through  a  distance  of  258  miles,  and  even  breathing 
has  been  heard  through  a  distance  of  150  miles.  Signals  have 
been  sent  by  its  means  through  the  submarine  cable  between  Dover 
and  Calais,  and  also  between  Dartmouth  and  Guernsey,  a  distance 
of  60  miles. 

If  while  a  musical  box  is  being  played,  the  mo.uthpiece  of  the 
telephone  is  placed  upon  it,  or  if  the  mouthpiece  of  the  instrument 
be  held  over  an  open  pianoforte,  the  music  in  each  case  is 
reproduced  at  the  receiving  instrument. 

The  telephone  has  been  applied,  with  success,  to  speak  with 
divers  when  under  water.  Experiments  made  to  test  its  applicability 
for  military  purposes  are  of  great  promise,  and  altogether  the  in- 
strument—the capabilities  of  which  are  but  beginning  to  be  known 
—has,  without  doubt,  a  great  future  before  it. 


CHAPTER  XIII. 

THERMOELECTRIC  CURRENTS. 

509.  Thermoelectricity.— In  1821,  Professor  Seebeck,  in  Berlin, 
found  that  by  heating  one  of  the  junctions  of  a  metallic  circuit,' 
consisting  of  two  metals  soldered  together,  an  electric  current  was' 
produced.  This  phenomenon  may  be  shown  by  means  of  the 
apparatus  represented  in  fig.  449,  which  consists  of  a  plate  of 
copper,  inn,  the  ends  of  which  are  bent  and  soldered  to  a  plate  of 
bismuth,  op.  In  the  interior  of  the  circuit  is  a  magnetic  needle,  a 
moving  on  a  pivot.  When  the  apparatus  is  placed  in  the  magnetic 
meridian,  and  one-of  the  solderings  gently  heated,  as  shown  in  the 
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figure,  the  needle  is  deflected  in  a  manner  which  indicates  the 
passage  of  a  current  from  n  to  m,  that  is,  from  the  heated  to  the 
cool  junction  in  the  copper.  If,  instead  of  heating  the  junction,  n, 
it  is  cooled  by  ice,  or  by  placing  upon  it  cotton  wool  moistened  with 
ether,  the  other  junction  remaining  at  the  ordinary  temperature, 
a  current  is  produced,  but  in  the  opposite  direction  ;  that  is  to 


Fig.  449. 

say,  from  m  to  n.  'In  both  cases  the  current  is  more  energetic  in 
proportion  as  the  difference  in  temperature  of  the  solderings  is 
greater. 

Seebeck  gave  the  name  thermoelectric  to  this  current,  and  the 
couple  which  produces  it,  to  distinguish  it  from  the  hydroelectric  or 
ordinary  voltaic  current  and  couple. 

510.  Tbermoelectric  series.— If  small  bars  of  two  different 
metals  are  soldered  together  at  one  end,  while  the  free  ends  are 
connected  with  the  wires  of  a  galvanometer,  and  if  now  the  point 
of  junction  of  the  two  metals  be  heated,  a  current  is  produced,  the 


Fig.  450.  ^'8- 
direcnon  of  which  is  indicated  by  the  deflection  of  the  needle  of  the 
galvanometer,  figs.  450,  45 By  experimenting  in  this  way  with 
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different  metals,  they  may  be  formed  in  a  list  such  that  each  metal 
gives  rise  to  positive  electricity  when  associated  with  one  of  the  fol- 
lowing, and  negative  electricity  with  one  of  those  that  precede  ;  that 
is,  that  in  heating  the  soldering,  the  positive  current  goes  from  the 
positive  to  the  negative  metal  across  the  soldering,  just  as  if  the 
soldering  represented  the  liquid  in  a  hydroelectrical  element  ;  hence 
out  of  the  element,  in  the  connecting  wire  in  the  galvanometer  for 
instance,  the  current  goes  from  the  negative  to  the  positive  metal. 
Thus  a  couple,  bismuth-antimony,  heated  at  the  junction  would 
correspond  to  a  couple,  zinc-copper,  immersed  in  sulphuric  acid. 
Fig.  4SI  represents  a  battery  of  such  elements. 

Of  all  bodies,  bismuth  and  selenium  produce  the  greatest  electro- 
motive force  ;  but  from  the  expense  of  this  latter  element,  and  on 
account  of  its  low  conducting  power,  antimony  is  generally  sub- 
stituted. The  antimony  is  the  negative  metal  but  the  positive  pole, 
and  the  bismuth  the  positive  metal  but  the  negative  pole,  and  the 
current  goes  from  bismuth  to  antimony  across  the  junction. 

511.  STobiU's  tbermoelectric  pile  Nobili  devised  a  form  of 

thermoelectric  battery,  or  pile  as  it  is  usually  tenned,  in  which 
there  are  a  large  number  of  elements  in  a  very  small  space.  For 
this  purpose  he  joined  the  couples  of  bismuth  and  antimony  in  such 
a  manner,  that  after  having  formed  a  series  of  five  couples,  as 
represented  in  fig.  453,  the  bismuth  from  b  was  soldered  to  the 
antimony,  of  a  second  series,  arranged  similarly  ;  the  last  bismuth 
of  this  to  the  antimony  of  a  third,  and  so  on  for  four  vertical  series, 
containing  together  twenty  couples,  commencing  by  antimony,  finish- 
mg  by  bismuth.  Thus  arranged  the  couples  are  insulated  from 
one  another  by  means  of 
small  paper  bands  covered 
with  varnish,  and  then  en- 
closed in  a  copper  frame,  P 
(fig.  452),  so  that  only  the 
solderings  appear  at  the  two 
ends  of  the  pile.  Two  small 
copper  binding  screws,  m 
and  n,  insulated  in  an  ivory 
ring,  communicate  in  the 
interior,  one  with  the  first 
antimony,  representing  the 
positive  pole,  and  the  other  with  the  last  bismuth,  representing  the 
negative  pole.    These  binding  screws  communicate  with  the  ex- 
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tremities  of  a  galvanometer  wire,  when  the  thermoelectric  current 
is  to  be  observed. 

A  Nobili's  pile  in  combination  with  a  galvanometer  constitutes 
the  most  delicate  and  accurate  means  of  measuring  temperatures. 
Such  an  arrangement  was  first  used  by  Melloni  in  his  researches  on 
the  transmission  of  radiant  heat.  The  arrangement  he  used  is 
represented  in  fig.  454. 

On  a  wooden  base,  provided  with  levelling  screws,  a  graduated 
brass  rule,  about  a  yard  long,  is  fixed  edgeways.  On  this  rule  the 
various  parts  composing  the  apparatus  are  placed,  and  their  dis- 
tances can  be  fixed  by  means  of  binding  screws.    <z  is  a  support  for 
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a  Locatelli's  lamp,  or  other  source  of  heat  ;  F  and  E  are  screens  ; 
C  is  a  support  for  the  bodies  experimented  on,  and  m  is  a  thermo- 
electrical  battery.  Near  the  apparatus  is  a  galvanometer,  D,  which 
has  only  a  comparatively  few  turns  of  a  tolerably  thick  (i  mm.) 
copper  wire.  Such  galvanometers  are  called  thcrmoimiliipitcrs 
(479\  The  delicacy  of  this  apparatus  is  so  great  that  the  heat  ot 
the  hand  is  enough,  at  the  distance  of  a  yard  from  the  pUe,  to  deflect 
the  needle  of  the  galvanometer. 


APPENDIX  QUESTIONS. 


I.— GENERAL  PROPERTIES  OF  MATTER  AND 
UNIVERSAL  ATTRACTION. 

1.  What  is  the  difference  between  a  chemical  and  a  physical  action  ? 
Give  some  examples  of  each. 

2.  What  are  the  three  forms  in  which  matter  exists  ? 

3.  By  what  properties  of  the  molecule  do  we  account  for  the  existence 
of  matter  in  three  different  forms  ? 

4.  Give  instances  of  one  and  the  same  body  being  met  with  in  the 
three  different  forms  which  matter  assumes. 

5.  State  and  explain  what  is  meant  by  inertia. 

6.  Explain  the  meaning  of  the  terms  {a)  uniform  motion,  (ù)  uniformly 
accelerated  motion  ;  (f)  retarded  motion  ;  and  state  how  such  effects  are 
produced. 

7.  What  effect  on  the  motion  of  a  ship  is  produced  according  as  the 
bow  or  the  stern  guns  are  fired  ? 

8.  Give  an  accurate  explanation  of  the  process  of  freeing  a  carpet  from 
dust  by  beating  it  with  a  stick. 

9.  Give  instances  of  cases  in  which  it  is  desired  to  increase  friction  ; 
and  others  in  which  it  is  diminished. 

10.  Give  some  examples  of  rolling  friction,  and  some  of  gliding  friction. 

11.  Why  is  the  bob  of  a  pendulum  thinner  at  the  edge  than  in  the 
middle  ? 

12.  How  can  it  be  shown  that  a  coin  and  a  feather  fall  with  equal 
velocity  ? 

13.  In  rowing,  what  is  the  advantage  of  feathering  the  oars? 

14.  A  plummet,  the  string  being  held  in  the  hand,  is  immersed  in  a 
current  of  water,  and  the  string  ultimately  settles  in  a  somewhat  slanting 
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position.   Explain  by  a  diagram  the  nature  and  action  of  the  forces  which 
determine  the  position  of  the  string. 

15.  Give  some  instances  of  the  practical  application  of  centrifugal  force. 

16.  How  is  it  that  a  circus  rider  always  leans  towards  the  centre  of  the 
circus  ?  If  he  increases  his  speed,  does  he  lean  more,  or  less,  than  he  did 
before  ? 

1 7.  When  a  man,  standing  on  a  horse,  which  is  going  at  great  speed, 
jumps  vertically  upwards,  what  is  the  direction  of  the  path  which  his  body 
takes  ? 

18.  A  ball  is  thrown  vertically  upwards,  in  an  open  railway  waggon, 
travelling  at  high  speed.  What  is  the  general  appearance  of  its  path  to  a 
person  who  sees  this  as  the  train  passes  by  ? 

19.  When  a  circus  rider  jumps  through  a  hoop,  in  what  direction  does 
he  spring  ? 

20.  In  the  rotation  of  the  vanes  of  a  windmill,  is  the  velocity  of  every 
point  on  the  vane  the  same  ?    If  not,  where  is  it  greatest  ? 

21.  Account  for  the  fact  that  it  is  as  easy  to  play  ball  in  a  rapidly 
moving  steamer  as  it  is  on  land. 

22.  If  at  the  Equator  a  straight  hollow  tube  were  thrust  vertically  down 
towards  the  centre  of  the  earth,  and  a  heavy  body  were  dropped  through 
the  centre  of  this  tube,  it  would  soon  strike  one  side.  Find  which,  and 
give  a  reason  for  your  reply. 

23.  If  two  porters,  A  and  B,  caiTy  a  cask  hung  to  a  pole  resting  on  their 
shoulders,  what  is  the  proportion  which  each  porter  bears — 

(a)  When  the  cask  is  half-way  between  them  ; 

(b)  When  it  is  at  a  distance  from  A  twice  that  which  it  is  from  B  ; 

(c)  When  it  is  at  four  times  as  far  from  B  as  it  is  from  A  ? 

24.  Why  is  a  finger  caught  in  the  hinge  of  a  shutting  door  so  severely 
crushed  ? 

25.  Explain  the  mechanical  advantages  of  steel  nippers  in  drawing  nails 
from  wood. 

26.  Apply  the  principle  of  the  lever  to  explain  the  cracking  of  a  nut  by 
the  teeth. 

27.  In  lifting  a  weight  with  the  hand,  show  that  the  lower  part  of  ihs 
arm  becomes  a  lever  of  the  third  kind. 

28.  What  is  the  difference  between  gravitation  and  gravity? 

29.  How  can  you  ascertain  whether  a  table  is  quite  horizontal,  and 
whether  a  wall  is  quite  vertical  ? 
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30.  Why  is  it  easier  for  a  man  to  carry  a  pail  of  water  in  each  liand 
than  to  carry  only  one? 

31.  A  cart  laden  with  stones  may  go  safely  on  a  road  one  side  of  which 
is  higher  than  the  other  ;  whereas  if  it  were  loaded  with  hay  it  might  be 
overturned.    Explain  this. 

32.  How  can  a  body  be  accurately"  weighed  by  means  of  a  balance 
which  is  not  accurate  ? 

33.  Why  are  stepped  stairs  used  in  houses  instead  of  a  smooth  inclined 
plane  ? 

34.  Explain  the  manner  in  which  the  oscillations  of  the  pendulum  may 
be  applied  to  determining  the  figure  of  the  earth. 

35.  What  is  the  difference  between  cohesion  and  chemical  affinity  ? 
What  the  difference  between  adhesion  and  chemical  affinity  ? 

36.  What  is  the  difference  between  cohesion  and  adhesion  ? 

37.  Give  some  illustration  of  phenomena  in  which  the  forces  of  cohesion, 
of  adhesion,  and  chemical  affinity  come  respectively  into  play. 

38.  Mention  some  substances  which  have,  in  a  pre-eminent  degree, 
severally  the  properties  of  hardness  ;  of  malleability  ;  of  elasticity  ;  and 
of  brittleness. 


IL— ON  LIQUIDS. 

1.  When  a  stream  of  water  falls  into  a  basin,  drops  spirt  out;  of  what 
property  of  water  is  this  a  proof? 

2.  What  is  the  essential  difference  between  liquids  and  gases  ? 

3.  Is  a  flood-gate  which  keeps  the  sea  out  of  a  dock  exposed  to  more 
or  to  less  pressure  than  one  which  keeps  out  a  lake  or  river  ?  The  depth 
of  water  is  supposed  to  be  the  same  in  each  case. 

4.  Under  what  conditions  does  the  principle  of  the  equality  of  pres- 
sures of  liquids  in  communicating  vessels  no  longer  hold  ? 

5.  Illustrate  and  explain  some  of  the  principal  phenomena  of  capillary 
attraction.  What  forms  do  the  surfaces  of  mercury  and  of  water  assume  in 
narrow  tubes  ? 

6.  If  one  end  of  a  skein  of  silk  be  placed  in  a  liquid  contained  in  a 
vessel,  and  the  other  hangs  over  the  side,  the  liquid  is  found  after  some 
time  to  be  empty.    How  may  this  have  been  brought  about  ? 

7.  Describe  experiments  showing  the  porosity  and  elasticity  of  solids , 
and  also  of  liquids. 
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8.  Describe  an  expeiiment  which  shows  that  different  liquids  adhere 
to  solids  with  varying  degrees  of  force. 

9.  What  are  the  causes  which  prevent  a  jet  of  water  from  reaching  the 
height  of  the  water  in  the  reservoir  from  which  it  is  fed  ? 

10.  Why  can  water-spiders  and  many  other  insects  run  on  the  surface  of 
the  water  ? 

11.  In  pouring  water  out  of  a  jug,  why  is  some  apt  to  trickle  down 
below  the  spout  ? 


in.— ON  GASES. 

1.  What  is  the  main  distinction  between  gases  and  liquids  ? 

2.  Why  is  atmospheric  air  chosen  as  the  type  of  gaseous  bodies  ? 

3.  How  can  you  prove  the  existence  of  an  atmosphere  ? 

4.  Describe  and  explain  the  action  of  some  apparatus  which  depend  on 
the  pressure  of  the  atmosphere. 

5.  How  is  the  pressure  of  the  atmosphere  measured  ? 

6.  How  can  you  show  that  gases  have  weight  ;  elasticity  ? 

7.  Demonstrate  experimentally  the  elasticity  of  air. 

8.  What  experiment  proves  that  the  atmospheric  pressure  at  any  given 
level  is  transmitted  equally  and  in  all  directions  ? 

9.  How  can  you  tell  whether  the  Torricellian  vacuum  of  a  barometer  is 
perfectly  free  from  air  ? 

10.  Explain  how  the  amount  of  the  atmospheric  pressure  in  pounds  is 
found  ;  and  why  we  are  unconscious  of  its  action  on  our  bodies. 

11.  Is  it  necessary  that  a  barometer  tube  be  everywhere  of  the  same 
diameter?  Must  a  thermometer  tube  have  the  same  calibre  throughout  ? 
Give  reasons  for  your  answers. 

12.  Explain  the  principle  of  the  application  of  the  barometer  to  the 
measurement  of  the  heights  of  mountains. 

13.  Explain  the  principle  of  the  use  of  the  barometer  as  an  indicator 
of  the  state  of  the  weather. 

14.  Explain  the  manner  in  which  water  is  raised  in  a  pipette  or  in  a 
wine-taster. 
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15.  How  do  you  measure  a  degree  of  rareraction  in  a  receiver  attached 
to  an  air-pump  ? 

16.  Why  does  a  bubble  of  air  liberated  at  a  considerable  depth  in 
water  gradually  increase  in  size  until  it  reaches  the  surface  ? 

17.  Supposing  an  air-tight  bladder,  containing  a  cubic  foot  of  air,  at  a 
depth  of  about  thirty  feet  in  the  sea,  to  be  brought  to  the  surface,  what 
would  it  measure  then  ? 

18.  If  a  pound  of  atmospheric  air  under  the  ordinary  atmospheric  pres- 
sure measures  I3'07  cubic  feet,  what  will  it  measure  under  a  pressure  of 
29-2  inches  ? 

19.  What  is  the  main  circumstance  which  limits  the  depth  to  which 
divers  can  go  ? 

20.  If  a  barometer  were  carried  down  in  a  diving-bell,  what  would  take 
place  ?    Give  a  rough  quantitative  result. 

21.  Empty  and  tightly  corked  soda-water  bottles  sunk  to  great  depths 
in  thé  sea,  when  they  are  brought  up  are  often  found  to  contain  water,  but 
are  still  tightly  corked.    To  what  may  this  be  due  ? 

22.  Explain  the  use  and  action  of  a  vent-peg  in  a  beer-barrel. 

23.  Explain  the  action  of  the  syphon.    Does  it  act  in  a  vacuum  ? 

24.  Explain  why  a  body  weighs  less  in  air  than  in  an  exhausted  re- 
ceiver. 

25.  In  selling  diamonds  by  weight  is  it  advantageous  to  the  seller  that 
the  barometer  should  be  high  or  low  ? 

26.  Is  it  advantageous  to  the  buyer,  that  in  buying  diamonds  the  weights 
should  be  of  rock  crystal  or  of  platinum  ? 

27.  How  can  an  aëronaut  make  his  balloon  ascend  or  descend  at 
pleasure  ? 

28.  Explain  why,  when  the  nozzle  and  valve-hole  of  a  pair  of  bellows 
are  stopped,  it  is  difficult  to  separate  the  boards. 
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IV.— SOUND. 

1.  Describe  an  experiment  which  proves  that  sound  cannot  pass  through 
a  vacuum. 

2.  Describe  the  construction  and  explain  the  action  of  the  safety- 
whistle  in  steam-engines. 

3.  How  can  the  velocity  of  sound  be  determined  in  gases,  and  how  in 
liquids? 

4.  Mention  some  reason  for  thinking  that  high  and  low  sounds  travel 
with  the  same  velocity. 

5.  What  are  the  proofs  that  water  conducts  sound  ? 

6.  A  shot  is  seen  to  be  fired  at  some  distance  from  the  observer  ;  be- 
tween seeing  the  flash  and  hearing  the  report  he  counts  8  beats  of  the 
pidse  (80  in  a  minute),  what  is  the  distance  of  the  gun  ? — Ans.  About  a 
mile  and  a  quarter. 

7.  A  flash  of  lightning  is  observed  and  the  thunder  is  not  heard  until 
fifteen  seconds  afterwards.  Why  is  this,  and  what  is  the  distance  of  the 
observer  from  the  flash  ? 

8.  What  reasons  have  you  for  thinking  that  solid  bodies  conduct 
sound  better  than  gases  ? 

9.  How  is  it  that  the  sounds  of  telegraph  wires  are  heard  more  dis- 
tinctly when  you  put  your  ear  to  the  telegraph  posts  ? 

10.  A  material,  which  can  only  be  used  in  thicknesses  of  a  quarter  of 
an  inch,  is  to  be  used  for  the  purpose  of  stopping  sound.  What  experi- 
ments could  you  make  with  such  materials  to  enable  you  to  select  the  best? 

11.  Arrange  a  few  substances  in  the  order  in  which  they  transmit  sound. 

12.  Supposing  you  wish  to  exclude  sound  from  a  room,  what  principle 
do  you  act  upon  ? 

13.  How  is  it  that  you  hear  a  sound  originating  to  windward  better 
than  one  which  arises  to  leeward  of  you  ? 

14.  Why  is  the  sound  of  a  tuning-fork  stronger  when  it  is  placed  on  a 
table  or  on  a  box  ? 

15.  Explain  the  difference  between  the  intensity  and  the  pitch  of 
sounds,  and  point  out  the  causes  which  affect  the  intensity. 

16.  Describe  the  siren,  and  explain  how  the  number  of  vibrations  per 
second  in  a  note  of  given  pitch  may  be  found  by  means  of  it. 
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17.  Why  is  the  pitch  of  women's  and  of  boys'  voices  higher  than  that  of 
men's  ? 

18.  What  is  resonance?  How  is  it  most  effectually  prevented  in 
enclosed  spaces  ? 

19.  How  distant  must  a  wall  be  in  order  that  it  may  echo  a  word  of 
four  syllables  ? 


v.— HEAT. 

1.  How  does  heat  generally  affect  the  size  of  bodies?  Are  there  any 
exceptions  to  the  general  rale  ? 

2.  In  what  way  is  the  heat  of  the  human  body  generated  and  kept  up  ? 

3.  Describe  the  general  effects  of  heat  upon  solids,  liquids,  and  gases. 

4.  Describe  the  way  in  which  an  ordinary  mercurial  thermometer  is  made 
and  graduated. 

5.  How  do  you  proceed  to  examine  whether  a  thermometer  is  accurate 
or  not  ? 

6.  Compare  the  advantages  and  disadvantages  of  alcohol  and  water  for 
thermometers. 

7.  State  any  considerations,  or  describe  an  experiment,  which  shows 
that  heat  is  propagated  in  a  vacuum. 

8.  A  square  foot  and  a  square  inch  at  different  distances  from  the  source 
of  heat,  receive  from  this  source  the  same  total  quantity  by  radiation. 
What  are  their  relative  distances  from  the  source  ? 

9.  How  can  you  prove  experimentally  that  the  intensity  of  radiant 
heat  received  by  a  body  diminishes  inversely  as  its  distance  from  the  source 
of  heat  ? 

10.  Point  out  the  difficulties  which  attend  the  determination  of  the 
actual  temperature  of  the  air,  as  distinct  from  that  of  surrounding  objects, 
at  any  time  and  place,  and  how  errors  in  the  determination  may  be  best 
avoided. 

11.  How  do  you  establish  the  fact  that  there  are  different  kinds  of  heat, 
as  there  are  different  kinds  of  light? 
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12.  Ill  what  respect  does  the  manner  in  which  heat  is  diffused  through 
liquids  and  through  gases  differ  from  that  in  which  it  is  diffused  through 
solids  ? 

13.  In  what  respects  are  thatched  roofs  preferable  to  those  of  slate  or 
tiles? 

14.  How  is  it  that  a  room  with  a  glass  roof,  but  not  heated  artificially, 
becomes  much  hotter  in  summer  than  the  outer  air  ? 

15.  Wliat  is  the  real  scientific  meaning  of  the  term  warm  clothing? 

16.  Describe  and  explain  the  gridiron  pendulum. 

17.  Why  does  a  pianoforte  get  out  of  tune  when  brought  into  a  cold 
room  ?  Is  the  pitch  liigher  or  lower  ? 

18.  If  a  balloon  pass  from  a  cloud  into  sunshine,  what  danger  is  likely 
to  ensue  if  the  balloon  be  not  well  managed,  and  what  is  the  cause  of  it  ? 

19.  A  certain  volume  of  air,  at  the  temperature  of  the  melting-point  of 
ice,  and  under  the  ordinary  atmospheric  pressure,  is  contained  in  a  vessel, 
the  pressure  on  which  may  be  varied.  What  pressure  must  be  applied  in 
order  that,  when  the  temperature  of  the  enclosed  air  has  been  raised  to  that 
of  the  boiling-point  of  water,  the  volume  of  the  air  should  remain  constant  ? 

20.  Give  some  account  of  the  way  in  which  winds  are  produced. 

21.  Give  an  instance  of  a  great  mechanical  force  exerted  by  the  passage 
of  a  liquid  from  the  liquid  to  a  solid  state. 

22.  Mention  some  substances  which  are  lighter  in  the  solid  state  than 
in  the  liquid  state. 

23.  What  metals  are  suitable  for  taking  sharp  casts,  and  what  are  not 
suitable?    Give  a  reason. 

24.  Compare  ether  and  water,  alcohol  and  linseed  oil,  camphor  and 
ice,  as  regards  their  evaporation. 

25.  What  important  part  does  the  great  latent  heat  of  water  play  in  the 
general  economy  of  nature  ? 

26.  What  is  the  difference  between  gases  and  vapours  ? 

27.  Distinguish  between  a  cloud  and  vapour. 

28.  Give  a  reason  for  the  crackling  of  wood  in  fires. 

29.  Explain  the  singing  of  a  tea-kettle. 

30.  Mention  some  substances  which  pass  at  once  from  the  solid  into 
the  gaseous  state. 

31.  Account  for  the  fact  that  moist  clothes  dry  upon  being  exposed  to 
the  air  at  freezing  temperature. 
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32.  Define  precisely  what  is  meant  by  the  expression,  that  the  boiling- 
point  of  water  is  212°  F. 

33.  Point  out,  and  demonstrate  experimentally,  how  the  boiling-point 
of  a  liquid  may  be  made  to  vary. 

34.  Explain  how  the  height  of  a  place  may  be  found  by  the  tempera- 
ture at  which  water  boils  there.  If  you  had  only  salt  water,  would  that  do 
for  this  determination? 

35.  Why  cannot  meat  be  properly  boiled  on  the  top  of  high  mountains 
by  the  ordinary  method  ? 

36.  What  are  the  several  results  observed  upon  continuing  the  appli- 
cation of  heat  to  a  vessel  containing  ice,  of  a  temperature  of  0°  C. ,  until 
the  contents  of  the  vessel  are  raised  to  100°  C.  ;  and  what  occurs  if  the 
application  of  heat  be  continued  further  ? 

37.  Describe  fully  the  changes  which  take  place  when  a  cubic  foot  of 
ice  originally  at  a  temperature  of  — 10°  C.  is  continuously  heated. 

38.  When  a  volatile  liquid,  such  as  ether,  is  dropped  on  the  hand,  cold 
is  felt.    What  is  the  reason  of  this  ! 

39.  Explain  fully  the  feeling  of  freshness  produced  by  watering  streets. 

40.  How  is  it  that  an  island  climate  is  more  moderate  than  a  con- 
tinental one  in  the  same  latitude 

41.  Illustrate  what  is  understood  by  the  terms  latent  heat,  sensible  heat, 
specific  heat.  Can  you  describe  some  particular  method  of  determining  the 
specific  heat  of  a  body  ? 

42.  Explain  the  formation  of  dew,  and  of  hoar  frost . 

43.  On  what  substances  does  dew  form  most  freely?  Why  is  none 
formed  under  trees  ? 

44.  When  the  steam  from  a  locomotive  is  seen  only  slowly  to  disappear, 
what  conclusion  can  be  drawn  as  to  the  state  of  the  atmosphere  ? 

45.  .State  what  is  understood  by  the  hygrométrie  state  of  the  air  ;  and 
describe  the  construction  and  use  of  some  form  of  hygrometer. 

46.  What  phenomena  are  observed  when  a  vessel  containing  ice  or 
snow  is  brought  into  a  warm  room  ? 

47.  Why  is  dew  more  abundant  on  a  still,  clear  night  than  on  a  windy 
or  cloudy  night  ? 

48.  Explain  the  following  phenomena  :  (a)  the  moisture  on  walls 
when  a  thaw  sets  in  ;  {b)  the  cloud  produced  in  the  receiver  of  an  air- 
pump  when  the  air  is  suddenly  rarefied  ;  (t)  the  cold  experienced  on 
standing  near  a  wall  of  ice. 
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49.  Define  the  dew-point.  The  dew-point  is  oftener  mucli  higher  in 
summer  than  in  winter,  and  at  the  same  time  the  air  is  drier  ;  how  do  you 
account  for  tliat  ?  Why  is  dew  seen  usually  near  the  ground  only,  and  not 
so  much  a  few  feet  above  the  ground,  and  on  some  bodies  more  than  on 
others? 

50.  The  surface  of  a  pond  is  observed,  under  certain  atmospheric  con- 
ditions, to  be  covered  with  clouds  of  vapour.  Under  what  circumstances 
does  this  occur  ;  and  how  do  you  account  for  the  phenomenon  ? 

51.  If  a  stream  of  air  issuing  from  a  bag  which  is  pressed  by  a  weight 
impinge  on  the  face  of  a  thermopile,  indications  of  heat  appear  ;  but  if  the 
stream  issue  from  an  air-gun  receiver,  into  which  air  had  previously  been 
compressed,  indications  of  cold  appear  :  account  for  these  facts  on  general 
principles,  and  give  some  other  illustration  of  the  same  principles. 

52.  What  are  the  chief  points  on  which  depends  the  climate  of  any 
particular  place  ? 

53.  Give  some  illustrations  of  the  principle  that  whenever  any  of  the 
effects  which  heat  can  produce  are  reversed,  heat  itself  is  the  result. 

54.  Explain  the  principle  of  the  barometer.  How  is  it  affected  by 
variations  of  temperature?  Why  would  a  water-barometer  be  more 
affected  by  such  variations  than  a  mercurial  one  ? 

55.  Illustrate  the  principle  that  whenever  any  of  the  effects  which  heat 
can  produce,  are  brought  about  in  any  other  way,  cold  is  the  result. 

56.  By  what  means  could  you  produce  ice  artificially  mthout  the  aid  of 
a  freezing  mixture  ? 

57.  Describe  the  physical  constitution  of  a  cloud,  and  explain  why  it 
remains  suspended  in  the  air.  A  change  of  wind  fi-om  NE.  to  SW.,  or 
vice  versâ,  is,  in  this  country,  almost  always  accompanied  by  rain.  Give  a 
rational  exjalanation  of  this. 

58.  Give  some  instances  of  the  production  of  heat  by  friction,  by  per- 
cussion, and  by  pressure. 

59.  Explain  the  way  in  which  rain  is  produced,  from  the  beginning  of 
its  formation  to  the  end. 

60.  Supposing  we  had  no  coal  and  no  wood,  what  sources  of  heat  would 
still  be  available  to  us  ? 

61.  What  are  the  two  causes  which  enable  us  to  attain  a  high  speed  on 
railways  as  compared  with  horse  ppwer  on  ordinaiy  roads  ? 

62.  Independently  of  direct  nieasurements,  what  means  of  measuring 
the  heights  of  places  do  we  pos^seij^  ? 


Light. 


559 


VI.— LIGHT. 

1.  What  analogies  and  wliat  differences  are  there  between  sound  and 
light  ? 

2.  Why  does  a  bird  at  some  height  in  the  air  cast  no  shadow  on  a 
sunny  day  ? 

3.  What  determines  the  size  of  a  shadow? 

4.  Describe  a  method  by  which  the  velocity  of  light  may  be 
determined. 

5.  Describe  and  explain  any  arrangement  for  determining  the  relative 
strength  of  two  sources  of  light. 

6.  A  candle  is  held  near  a  window  :  on  looking  at  it  a  little  obliquely 
two  images  of  the  candle  are  seen.    How  are  these  produced  ? 

7.  How  can  you  determine  by  an  optical  method  the  thickness  of  a 
glass  mirror  ? 

8.  Account  for  the  fact  that  a  coin  placed  in  water  appears  higher  than 
it  really  is,  and  that  shallow  lakes  appear  shallower  than  they  really  are. 

9.  Show  by  a  diagram  the  manner  in  which  a  stick  appears  bent  when 
placed  obliquely  in  water.    Explain  the  appearance. 

10.  The  eye  being  held  in  such  a  position  that  a  coin  at  the  bottom  of  a 
basin  is  invisible,  pouring  water  in,  it  comes  into  view  :  supposing,  instead 
of  water,  liquid  with  a  greater  refractive  index  is  poured  in,  must  the  height 
of  the  liquid  be  greater  or  less  than  that  of  the  water  ? 

11.  Standing  in  front  of  either  end  of  an  aquarium  tank,  if  you  look  at 
the  other  the  back  appears  nearer  ;  standing  in  front  of  the  middle  of  the 
tank  the  back  appears  curved.    Account  for  these  results. 

12.  In  spearing  salmon  what  should  be  the  direction  of  the  aim  ? 

13.  Illicit  stills  have  sometimes  been  discovered  by  the  column  of  heated 
air  rising  from  them.    How  may  this  be  accounted  for  ? 

14.  How  can  you  determine  the  focal  length  of  a  ilouble  convex  lens  ? 

15.  What  is  a  virtual  image  ?  what  a  real  one  ? 

16.  What  simple  experiment  made  with  a  lens  would  tell  you  whether  it 
was  an  achromatic  one? 

17.  What  is  short  sight,  and  what  long  sight?  Show  the  use  of 
spectacles  m  remedying  these  defects. 

18.  Why  is  short  sight  usually  met  with  in  young  and  long  sight  in  older 
persons?  " 
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19.  Describe  and  explain  the  camera-obscura. 

20.  What  are  the  practical  difficulties  which  limit  the  magnifying 
power  of  the  telescope? 


VIL— MAGNETISM. 

1.  The  earth  attracts  a  falling  stone  ;  a  magnet  attracts  a  piece  of  soft 
iron.  In  what  respects  do  these  attractions  agree,  and  in  what  respects  do 
they  differ  ? 

2.  In  what  sense  is  it  true  that  magnets  only  attract  magnets  ? 

3.  How  may  it  arise  that  in  some  cases  attraction  takes  place  between 
the  opposite  poles  of  two  magnets  ? 

4.  If  a  piece  of  hard  steel  wire  (unmagnetised)  and  a  similar  piece  of 
soft  iron  wire  be  presented  to  a  magnet,  state  which  you  would  expect  to 
be  attracted  with  the  greater  force,  and  give  your  reason. 

5.  Five  balls  of  iron  hang  in  a  series  from  the  north  end  of  a  magnet, 
but  you  cannot  get  a  sixth  ball  to  hang  :  why?  The  north  end  of  a  second 
Tnagnet  is  brought  ova'  that  of  the  first  ;  seven  balls  of  iron  now  cling 
together  :  why  ?  You  place  the  second  north  pole  belnu  the  series  of 
balls  ;  several  of  them  fall  away  :  explain  this. 

6.  Describe  a  dipping-needle.  How  does  it  behave  when  the  instru- 
ment is  placed  out  of  the  magnetic  meridian  ?  How  far  is  the  action  of 
the  earth  on  a  freely-suspended  needle  similar  to  that  of  a  large  magnet  ? 

7.  A  magnetic  dipping  needle  is  moved  completely  round  the  earth, 
passing  through  the  two  poles  ;  describe  the  changes  in  its  position  which 
lake  place  during  this  operation. 

8.  State  how  you  would  magnetise  a  piece  of  watch-spring. 

9.  A  steel  needle,  held  vertically  and  struck  with  a  hammer,  becomes 
magnetised  :  how  do  you  account  for  this  ?  How  does  the  position  and 
the  striking  affect  the  case?    Which  will  be  the  north  pole  of  the  needle? 

10.  How  is  it  that  iron  tools,  such  as  chisels,  &c.,  are  often  found  to 
be  pennanently  magnetised? 

11.  What  is  meant  by  the  terms  'magnetic  saturation'  and  '  magnetic 
limit'? 

12.  Point  out  the  errors  most  likely  to  affect  the  determination  of  the 
bearings  of  a  gallery  of  a  mine  by  means  of  a  compass. 
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VIII.— FRICTIONAL  ELECTRICITY. 

1.  How  can  you  prove  that  whenever  one  khicl  of  electricity  is  pro- 
duced the  other  is  produced  at  the  same  time  and  in  the  same  quantity  ? 

2.  What  kinds  of  electricity  are  produced  on  each  of  the  following 
substances  when  they  are  rubbed  together  in  pairs?  Flannel  and  brass, 
glass  and  flannel,  gun-cotton  and  shellac. 

3.  How  do  you  prove  that  there  are  two  kinds  of  electricity? 

4.  If  you  were  given  a  stone,  and  you  were  unaware  whether  it  were 
a  conductor,  explain  how  you  would  proceed  to  determine  this  point. 

5.  Why  is  repulsion  a  surer  test  of  the  electric  condition  of  a  body  than 
attraction  ? 

6.  Give  some  instances  of  the  influence  of  moisture  in  electrical 
phenomena. 

7.  What  is  the  best  means  of  depriving  a  bad  conductor  of  a  charge  of 
electricity  ? 

8.  State  the  general  laws  of  distribution  of  electricity  in  an  electrified 
conductor.  Describe  the  distribution  in  the  case  of  a  hollow  in  tube 
insulated  and  electrified.  How  is  it  modified  if  you  approach  your  hand  to 
one  end  ? 

9.  How  can  you  prove  that  electricity  only  results  on  the  surface  of 
bodies? 

10.  By  what  experiment  can  you  prove  that  a  solid  sphere  of  metal 
cannot  be  more  highly  electrified  than  a  hollow  shell  of  the  same  diameter  ? 

11.  A  body  {A)  is  brought  near  a  magnetic  needle,  which  is  thereby 
seen  to  be  acted  upon.  How  could  you  prove  whether  this  action  is  due  to 
electricity  or  to  magnetism  ? 

12.  In  what  respect  do  the  forces  of  magnetism  and  electricity  resemble 
each  other  ?    In  what  do  they  differ  ?  , 

13.  Explain  the  statement  that  electricity  only  attracts  electrified  bodies. 

14.  An  egg-shell  is  placed  upon  a  table,  and  a  stick  of  sealing-wa.x 
rubbed  with  flazinel  is  brought  near  it.  As  the  sealing-wa.x  is  moved  the 
egg  follows  it.    Give  a  full  explanation  of  these  results. 

15.  Sulphur  is  ground  in  a  porcelain  mortar,  and  some  of  the  powder 
is  placed  on  the  cap  of  a  gold-leaf  electroscope  ;  the  leaves  divei'ge  :  why? 
The  powder  is  removed  by  just  tilting  the  electroscope.  What  haiipens 
to  the  leaves  ? 
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16.  If  you  were  provided  with  a  Ijody  charged  with  positive  electricity, 
and  were  required  to  charge  a  plate  of  metal  with  negative  electricity  by 
means  of  it,  how  would  you  proceed  ? 

17.  Explain  why  it  is  in  general  easier  to  impart  a  charge  of  electricity 
to  a  bar  of  iron  by  induction,  and  to  a  piece  of  indiarubber  by  friction, 
than  vice  vcrsâ. 

18.  What  is  meant  when  it  is  said  that  the  earth  is  the  common  reser- 
voir of  electricity  ? 

19.  How  can  heat  be  converted  into  electricity? 

20.  The  bared  end  of  a  long  insulated  wire  being  given  to  you,  you  are 
required  to  determine  whether  it  is  charged  with  electricity,  and  if  so,  with 
what  kind  of  electricity. 

21.  If  an  electrified  body  be  placed  in  communication  with  the  earth, 
or  have  a  sharp  point  projecting  from  it,  in  either  case  all  sign  of  electricity 
soon  disappears.  Explain  why  this  is  so,  by  referring  to  the  general  laws 
of  distribution  of  electricity. 

22.  Explain  the  use  of  the  prime  conductor  of  a  machine.  You  can 
draw  brighter  but  not  longer  sparks  by  using  a  large  conductor  than  by 
using  a  small  one  ;  explain  why  that  is  so. 

23.  It  is  required  to  compare  the  insulating  power,  under  water,  of  two 
materials,  such  as  gutta-percha  and  indiarubber.  Explain  how  this  may 
be  done. 

24.  Describe  the  mode  of  charging  and  discharging  a  Leyden  jar. 
What  circumstances!  nfîuence  the  amount  of  electrical  charge  which  such  a 
jar  can  acquire? 

25.  Give  an  explanation  of  thunder  and  lightning,  embracing  the 
phenomenon  known  as  the  return  shock. 

26.  Would  you  expect  a  gokl-leaf  electroscope  to  show  signs  of  excite- 
ment, (i)  in  doors,  (2)  out  of  doors,  when  there  is  a  thunder-cloud  over- 
head? What  sort  of  effects  would  you  expect  in  such  a  case,  and  how 
caused  ? 

27.  A  gold-leaf  electroscope,  connected  with  the  ground  by  a  wire,  is 
placed  near  the  prime  conductor  of  a  powerful  electrical  machine  in  action. 
Whenever  a  spark  is  taken  from  the  machine  the  leaves  suddenly  diverge. 
Explain  this. 

28.  The  following  substances  being  given,  you  arc  required  by  their  aid 
to  construct  and  work  an  clectrophorus.  Tinfoil,  brown  paper,  india- 
rubber,  and  sealing-wax. 

29.  Describe  some  method  of  collecting  and  examining  the  electricity  of 
the  atmosphere. 
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30..  What  is  a  lightning-conductor?  and  in  what  way  does  it  act? 
Suppose  you  are  required  to  extemporise  one  for  a  detached  house,  give  a 
detailed  account  of  the  manner  in  which  you  would  proceed. 

31.  If  a  lightning-conductor  on  a  building  be  carried  near  a  part  of  the 
roof  covered  with  lead,  why  is  it  desirable  that  the  lead  should  be  con- 
nected with  the  conductor? 


IX.— VOLTAIC  ELECTRICITY. 

1.  A  plate  of  pure  zinc  is  partially  immersed  in  dilute  sulphuric  acid  : 
what  is  its  electrical  state  ?  A  plate  of  copper  is  also  partially  immersed 
in  the  same  liquid  ;  what  is  its  state  ?  The  plates  are  now  connected  out- 
side the  liquid  by  a  wire.    State  and  explain  fully  what  ensues. 

2.  What  are  the  conditions  for  the  production  of  a  voltaic  current  ? 
Mention  some  different  arrangements  in  which  these  conditions  are  fulfilled. 

3.  By  what  experiments  can  you  prove  that  the  electricity  of  a  voltaic 
cell  and  that  of  a  frictional  electrical  machine  are  the  same  in  kind  ? 

4.  What  are  the  chief  points  of  difference  between  statical  and 
dynamical  electricity  ? 

5.  A  wire  traversed  by  an  electrical  current  is  placed  over  and  then 
under  a  magnetic  needle.    Describe  the  effect  that  is  thereby  produced. 

6.  By  what  means  would  you  ascertain  the  direction  of  a  current  of 
electricity  in  a  wire  the  ends  of  which  are  hidden  from  you  ? 

7.  Give  seme  instances  of  accidental  voltaic  actions, 

8.  When  is  a  voltaic  circuit  said  to  be  open,  and  when  closed} 

9.  Explain  the  meaning  of  the  terms  '  direction  of  the  current,' 
'electromotive  force,'  'electromotive  series,'  'positive  electrode,'  and 
'  negative  plate.' 

10.  Give  two  examples  of  the  chemical  action  of  an  electric  current,  and 
two  others  of  the  magnetic  action  of  the  same  current. 

11.  A  small  magnetic  needle  is  feebly  magnetised:  it  is  desired  tore-mag- 
netise it  in  such  a  manner  that  its  original  polarity  is  reversed.  Describe 
how  you  would  proceed  to  do  this  by  means  of  a  voltaic  current. 

12.  What  is  essential  in  the  construction  of  an  electro-magnet?  Upon 
what  circumstances  does  the  magnetic  intensity  of  such  an  instrument 
depend  ;  and  on  what  docs  the  facility  of  magnetising  and  demagret  sing 
depend?    Show  why  a  thick  wire  is  best  for  such  an  instrument, 
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13.  You  are  required  to  coil  a  wire,  and  then  to  suspend  it  so  that  the 
axis  of  the  coil,  when  a  voltaic  current  is  sent  through  it,  shall  set  like  a 
magnetic  needle  in  the  magnetic  meridian.  Show  by  a  sketch  how  this 
is  to  be  done. 

14.  If  the  earth's  magnetism  were  due  to  electric  currents  in  its  surface, 
show  in  what  directions  they  must  flow  in  order  to  produce  the  elTects 
observed. 

15.  You  are  required  to  describe  distinctly  how  you  would  obtain  (a)  a 
current  of  frictional  electricity  ;  {b)  a  current  of  voltaic  electricity  ;  [c)  one 
of  thermo-electricity  ;  {d)  an  induced  current  by  means  of  a  permanent 
magnet. 

16.  Describe  an  experiment  which  proves  that  electric  currents  flow- 
ing in  the  same  direction  attract  each  other,  while  currents  flowing  in 
opposite  directions  repel  each  other. 
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A  BERRATION  of  refrangibility, 
chromatic,     363  ;  spherical, 

365 

Absorbing  power,  215  ;  causes  which 

modify,  217 
Absorption,  68.  137  ;  of  light,  305 
Accelerated  motion,  17 
Accelerating  forces,  20 
Accidental  images,  360 
Achromatic  lenses,  364 
Acidometer,  105 
Acoustics,  157 
Acoustic  foci,  165 
Aerial  wire,  493 
Aeriform  fluids,  5 
Adhesion,  64 

Affinity,  3,  4  ;  chemical,  63 

Air,  atmospheric,  no  ;  hygrométrie 

state  of,  276  ;  weight  of,  113 
Air-guns,  13 

Air-pump,    138,    263  ;   gauge,   139  ; 

uses  of,  140 
Alarum,  electrical,  500 
Alcarrazas,  252 
.'Vlcohol  thermometer,  203 
Alcoholometer,   Gay-Lussac's,    107  ; 

centesimal,  107 
Alphabet,  telegraphic,  496 
Amalgam,  315 

Ampère's    rule,    477  ;    stand,    478  ; 

theory  of  magnetism,  488 
Amplitude  of  oscillation,  57 
Analysis,  spectram,  353 
Anemometer,  290 
Aneroid  barometer,  135 
Angle  of  incidence,  311  ;  reflection, 
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Antipodes,  40 

Apparent  expansion,  227  ;  rest,  14 
Appert's  method  of  preserving  food, 

Aqueous  humour,  387 

Aqueous  vapour,  elastic  force  of,  249 

Arc,  voltaic,  470 

Archimedes'  principle,  96,  102  ;  ap- 
plied to  gases,  152 

Armatures,  402,  433 

Arms  of  a  lever,  33 

Artesian  wells,  94 

Astronomical  telescopes,  368 

Atmosphere,  crushing  force  of,  115  ; 
electricity  of,  446  ;  experiments  on 
weight  of,  113  ;  heat  of,  196  ; 
height  of,  130  ;  pressure  of,  in  all 
directions,  131 

Atmospheric  pressure,  114  ;  amount 
of,  119  ;  electricity  on  the  Pyramids, 

454 
Atoms,  4,  8 

Attraction,  chemical,  3,  4  ;  magnetic, 

393  ;  molecular,  4  ;  universal,  36 
Atwood's  machine,  55 
Aura,  424 

Aurora  borealis,  452 
Auroras,  398 
Aurum  musivum,  417 
Autoclaves,  270 
Axis  of  suspension,  48 


T)  ALANCE,  48  ,  conditions  of  ac- 
-L*    curacy   and  delicacy    of,   49  ; 

Coulomb  s  409  ;   hydrostatic,  96, 

102,  103 
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Balloons,  air,  153  ;  construction  and 

management  of,  154 
Band,  endless,  264 
Barker's  mill,  79 

Barometer,  120  ;  cistem,  121  ;  Fortin's, 
122  ;  heights  determined  by,  129  ; 
mean  height  of,  125  ;  precautions 
in  reference  to,  124  ;  syphon,  123  ; 
variations  of,  125  ;  weight,  128  a 

Barometric  variations,  126,  127 

Baroscope,  152 

Batteries,  constant,  464  ;  electric,  434  ; 

enfeeblement  of  the  current  in,  463 
Battery,  chemical   effects   of,    471  ; 

luminous  effects,  470  ;  physiological 

effects  of,  468  ;  thermal  effects,  469  ; 

voltaic.  462 
Beacons.  348 
Beam.  48 
Beating  reed,  189 
Beaumé's  hydrometer,  106 
Bellows,  156,  igo 
Bennett's  electroscope,  419 
beniouilli's  laws,  191 
BerthoUet's  apparatus,  136 
Binocular  vision,  389 
Blot's  experiment,  413 
Bladder  of  fish.  99 
Blood-globules,  8 

Bodies,  equilibrium  of,  45  ;  general 
properties  of.  6  ;  interna!  constitu- 
tion of,  4 

Boiler,  steam,  270 

Boiling,    245  ;  laws   of,    246,   247  ; 

height  of,  250 
Bologna,  Tower  of,  47 
Boyle's  law,  133 
Brahma's  press.  83 
British  units,  104 
Buffon's  burning  mirrors,  213 
Bulb  of  thermometer,  200 
Bulgin.;  of  earth  at  the  equator,  31 
Bunsen  and  KirchhofTs  researches, 

353.  354.  355 
Bunsen's  barometer,  123 
Bunsen's  battery,  466  ;  burner,  354 
Buoyancy  of  liquids.  80 
Burning  glasses,  347  ;  mirrors,  213 


p^SIUM,  356 

Caloric,  259 
Calorific  capacity,  260 
Calorific  effects  of  the  spectrum,  351 
Calorimeter,  Rumford's,  300 
Calorimetry,  259 


COM 

Camera  obscura,  380-382 
Capillarity,  65  ;  laws  of,  66  ;  effects 

clue  to,  67 
Captive  balloon,  154 
Cartesian  diver,  98 
Catoptric  telescopes,  370 
Celsius  scale,  202 
Centesimal  alcoholometer,  107 
Centigrade  scale,  202 
Centimeter,  104 

Centre  of  gravity,  41  ;  determination 

of.  43 

Centrilugal  force,  29 
Chamsin,  454 

Charge  of  electrical  machine,  417 

Chatierton's  compound,  493 

Chemical  affinity.  63  ;  attraction,  3, 
4  ;  combinations,  299  ;  effects  of 
the  electric  battery,  470  ;  of  the 
spectrum.  351  ;  hygrometers,  276  ; 
phenomenon,  i 

Cheval  vapeur,  269 

Chimes,  electrical,  422 

Chimneys,  draughts  in,  230 

Chladni's  figures,  186 

Chlorine,  231 

Chords,  175  ;  vocal,  195 

Choroid,  387 

Chromatic  scale,  177  ;  aberration,  363 
Circuit.  490 
Cirro-cumulus,  284 
Cirro-stratus.  284 
Cirrus,  284 

Cistern  barometer,  121  * 
Climate.  282 

Clouds.  284  ;  foiTiiation  of,  285 
Coatings.  433 
Coercive  force,  396 
Cohesion,  63 

Coil,  primary.  502  ;  RuhmkorfTs, 
505  ;  secondar}',  502 

Cold,  301  ;  by  expansion  of  gases, 
302  ;  due  to  evaporation,  252  ;  noc- 
turnal radiation,  303 

Collecting  plate.  435 

Collimation.  368 

Collodion,  383 

Colour  of  heat,  218 

Colours  of  the  spectrum,  349 

Combustion,  299 

Comma,  175 

Communicator,  491 

CommiUator,  491 

Compass,  inclination,  400  ;  mariners', 

399  . 
Compensation  pendulum,  226 
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Complementary  colours,  360 
Component  forces,  24 
Compound  microscopes,  373 
Compound  musical  tones,  180 
Compound  pendulum,  57 
Compressibility,  11 
Compression  pump,  13 
Concave  mirrors,  213,  321  ;  focus  of, 

322  ;  formation  of  images  in,  325  ; 

reflection  of  heat  from,  213 
Concert  pitch,  178 

Concurrent  forces,  27  ;  resultant  of,  25 

Condensation,  heat  disengaged  during, 
255  ;  hygrometers,  276.2  ;  by  chemi- 
cal affinity,  254  ;  by  cooling,  254  ; 
by  pressure,  254  ;  of  vapours,  254. 

Condensed  wave,  158 

Condenser,  263 

Condensers,  limit  of  charge  of,  432 

Condensing  electroscope,  435  ;  en- 
gine, 268  ;  plate,  435  ;  pump,  142 

Conductivity  of  bodies,  applications, 
223  ;  of  liquids,  221  ;  of  gases,  222  ; 
of  solids,  220 

Conductors,  410  ;  bad,  220  ;  good, 
220 

Cc  nductor,  the  earth  as  a,  494  ;  light- 
ning, 451,  499 

Congelation,  235 

Conjugate  focus,  323,  341 

Connecting  rod,  264 

Consonance,  175 

Constant  batteries,  464 

C."ontractile  force,  225 

Convection,  221 

Convex  lenses,  344,  343 

Convex  miiTors,  321  ;  formation  of 
images  in,  326 

Cooling,  condensation  by,  254 

Cornea,  387 

Cornet-à-piston,  194 

Corpuscular  theory,  304 

Coulomb's  balance,  40g 

Couronne  des  tasses,  462 

Cross-wire,  368 

Crown-glass  lens,  364 

Crutch,  61 

Crystalline,  387 

Crystallisation,  236 

Oystals,  236 

Cubical  expansion,  198,  224 
Cumulo-stratus,  284 
Cumulus,  284 
Cupping,  132 

Current,  electricity,  459  ;  terrestrial, 
489  ;  thermo-electric,  508 


DYN 

Currents  on  currents,  reciprocal  action  s 
of,  482  ;  upon  magnets,  action  of. 
476  ;  action  of  magnets  and  of  the 
earth  on,  478  ;  induction  by,  502  ; 
magnetisation  by,  481  ;  properties 
of  induced,  504 

Curvature,  85 

Curvilinear  motion,  15 


DAGUERREOTYPE,  383 
Damper  of  piano,  184 
Dancing  puppets,  423 
Darnell's  battery,  464,  465  ;  hygro- 
meter, 276  a 
Dark  lines  of  the  spectrum,  352 
Debuscope,  320 
Declination,  398 
Decomposed  force,  26 
Decomposition  of  light,  349  ;  water, 
471 

Degrees,  Fahrenheit,  202  ;  Reaumur,. 
202 

De  la  Rive'sexperiments,  507  ;  Floater, 
48s 

Deliquescent  salts,  254,  275 
Density,  2  ;  of  gases,  231 
Despretz's  experiment,  469 
Developer,  342 
Dew,  287  ;  point,  276  a 
Dial  telegraph,  491 
Diamond,  329 
Diapason,  178 
Diathernianeity,  218 
Diffensntial  thermometer,  203, 
Diffused  light,  313 
Digester.  248 
Diorama,  385 
Dip,  magnetic,  400 
Dipping  needle,  400 
Discharge,  slow  and  instantaneous,  431 
Discharger,  imiversal,  439 
Discharging  rod,  431 
Dispersion  of  light,  349 
Dissolving  views,  377 
Dissonance,  175 
Distance  of  distinct  vision,  388 
Distillation,  257 
Divisibility,  8 
Dominant  chords,  175 
Dove's  law  of  rotation  of  winds,  293 
Double-action  machine,  263  ;  descrip- 
tion of,  264 
Drvim,  158 
Ductility,  72 
Dynamometer,  23 
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EAR 

EAR  trumpet,  169 
Earth  currents,  452 
Earth,  flattening  of  at  the  poles,  31  ; 

radius  of,  31  ;  as  a  conductor,  494 
Ebullition,  245  ;  laws  of,   46,  247 
l'',ccentric,  265 
Echelon,  348 
Echoes,  165 
Egg,  electric,  425 

Elastic  force  of  aqueous  vapour,  249  ; 

fluids,  109 
Elasticity,  12,  13 

lîlectric  batteries,  434  ;  egg,  425  ; 
spark,  420,  439  ;  telegraphs,  491 

Electric  discharge,  effects  of,  436  ; 
chemical  effects  of,  442  ;  magnetic 
effects  of,  443  ;  plienomena  of,  436  ; 
physiological  effects  of,  437 

Electric  light,  470  ;  stratification  of, 
506  ;  electric  alanun,  500;  attraction 
and,  repulsion,  408;  chimes,  422; 
condensers,  430  ;  machine,  416  ; 
measurement  of  charge  of,  417  ; 
pendulum,  405  ;  whirl,  424 

Electrical  fluids,  hypothesis  of  two, 
407  ;  portraits,  440  ;  positive  and 
negative,  407 

Electricity,  403,  atmospheric,  445,  454  ; 
chemical  effects  of,  442  ;  current, 
459  ;  in  chemical  actions,  458  ;  by 
friction,  law  of.  412  ;  luminous 
effects  of,  438  ;  heating  effects  of, 
439  ;  induction,  413,  415  ;  influence 
of  shape  of  body  on,  414  ;  mechani- 
cal effects  of,  441  ;  on  the  surface 
of  bodies,  413  ;  sources  of,  404  ; 
tension  of,  413 
•  Electrification  of  conductors,  411 

Electro-chemical  series,  472 

Electrodes,  461 

Electrodynamics,  482 

Electro-gilding,  474 

Electrolysis,  472 

Electrolyte,  472 

Electromagnets,  490 

Electro-magnetic  machines,  501 

Electrometallurgy,  473 

Electrometer.  Henley's,  417 

lilectromotive  force,  460  ;  scries,  460 

Electromotor,  491 

Electronegative   and  electropositive 

elements,  472  ;  series,  460 
Electrophorus,  418 

Electroscopes,  405  ;  condensing,  435  ; 

gold-leaf,  419 
Electrotype,  473 


FOR 

Elements,  3 
Emission  of  heat,  196 
Emission  theory,  304 
Emissive  power,  216 
Endless  band,  264 

Engines,  fire,  149  ;  high-pressure,  268, 

269 
Eolipyle,  262 
Epinus's  condenser,  12 
Equality  of  pressures,  76 
Equilibrium,  28  ;  of  bodies,  45,  46  ; 

of  floating  bodies,  97  ;  liquids,  84, 

87,  88,  89 
Escapement,  61  ;  wheel,  61  ; 
Evaporation,  244  ;  cold  due  to,  252  ; 

latent  heat  of,  251 
Expansibility  of  gases,  5,  m 
Expansion,  198,  224  ;  of  gases,  cold 

produced  by,  302  ;  of  liquids,  227  ; 

real  or  apparent,  227  ;  of  solids, 

224,  225 
Extension,  6 

Eye,  structure  of,  387  ;  white,  387 


T7AHRENHEIT  degrees.  202  ;  hy- 

-*-      drometer,  103 

Falling  bodies,  laws  of,  52 

Fata  morgana,  334 

Feed  pump  and  cold  water  pump, 

263,  267 
Filtration,  10 
Finder,  368,  370 

Fire  engines,  149  ;  pump,  262  ;  St. 

Elmo's,  453 
Fish,  swimming-bladder  of,  99 
Flame,  299 
Flexure,  12 
Flint  glass  lens,  364 
Float.  271 

Floater,  De  la  Rive's,  485 

Florentine  experiment,  9 

Fluids,   aeriform,    5  ;    elastic,    109  ; 

magnetic,  394  ;  \ital,  455 
Flute,  194 
Fly  wheel,  264 

Foci,  340  ;  acoustic,  165  ;  and  images, 
344 

Fociis,  213,  321,  322  ;  conjugate,  323, 

341  ;  virtual,  324,  342 
Fogs,  283 

Foot,  cubic,  104  ;  pound,  269 
Force,  centrifugal,  29  ;  direction  of 

22  ;  pump.  148 
Forces,  22.  23,  24,  25,  28 
Fortin's  baroiueter,  122 
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FOU 

Fountain,  Hero's,  144  ;  intcrniitlent, 

145  ;  in  vacuo,  140 
Franklin's  lightning-concUictor,  451  ; 

experiment  on  ebullition,  247  ;  kite, 

Frauenhofer  s  lines,  352 
Freezing  mixtures,  238 
J'rench  units,  104 
Fresnel's  lenses,  348 
Friction,  21 

Friction,  electricity  by,  412  ;  heat  due 

to,  295  ;  wheels.  55 
Frog  current,  456 
l''ulcrum,  33 
Fulgurites,  449 

Fusion,  232  ;   laws  of,  233  ;  of  ice, 
261  ;  vitreous,  232 


GALILEO'S  telescope,  367 
Gallon,  104 
Galvanic  shock,  467 
Galvani's  experiment,  455 
Cialvanometer,  479  ;  uses  of,  480 
(jamut,  174 

Gases,  5,  109  ;  conductivity  of,  222  ; 

density  of,  231  ;   expansibility  of, 

109,  III  ;  laws  of  mixture  of,  136  ; 

liquefaction  of,   258  ;  permanent, 

258  ;    value  of  the  expansion  of, 

229  ;  weight  of,  112 
(iases  and  liquids,  mixture  of,  137 
Gauss  and  Weber's  electro-magnetic 

telegraph,  491 
Ghost  scenes,  386 
Glaisher's  factors,  276 
Glasses,  burning,  347 
Glasses,  weather,  128 
Globe,  luminous,  427  ;  lightning,  447 
Globules,  8 
Goldbeater's  skin,  73 
Gold-leaf,  73  ;  electroscope,  419 
Goniometer,  reflecting,  327 
(Jrain,  104 
Gramme,  104 
Graphite,  473 
(iravesande's  ring,  X98 
Gravitation,  37 
Gravities,  specific,  loi 
Gravity,  38,  43  ;  centre  of,  43  ;  flask, 

102,  103  ;  measurement  of  the  force 

of.  Go 
Grindstone,  35 
Gulf  Stream,  280 


HYP 

HAIL,  289 
Hammer,  water,  52 
Hardness,  scale  of,  71 
Harmonics,  180,  191 
Harmonic  triad,  175 
Hawksbee's  air-pump,  138 
Heat,   196  ;  absorbing  power,  215  ; 
apphcations,    219  ;  atmospheres, 
196  ;  a  condition  of  matter,  196  ; 
colour  of,   218  ;   different  sources 
of,  294  ;  disengaged  during  con 
densation,   255  ;  form  of  motion, 
196  ;  due  to  friction,  295  ;  due  to 
pressure  and  percussion,  296  ;  gene- 
ral effects  of,  197  ;  force  of,  4  ;  in- 
terchange of,  211  ;  latent,  of  ice, 
234  ;  law  of  reflection  of,  212  ;  of 
water,  234  ;  lightning,  447  ;  radiant, 
208  ;  refraction  of,  334,  347  ;  from 
concave  mirrors,  213;  specific,  260; 
terrestrial,  298  ;  in  x'acuo,  209  ■ 
Heaters,  270 
Heating  by  steam,  256 
Height  of  the  atmosphere,  130 
Heights  determined   by  barometer, 

129  ;  by  the  boiling  point,  250 
Heliostat,  327 
Helmholtz's  researches,  180 
Hemispheres,  Magdeburg,  116 
Henley's  electrometer,  417 
Hero's  fountain,  144 
Herschellian  rays,  351 
Herschel's  telescope,  371 
Hiero's  golden  crown,  96 
High-pressure  engine,  268 
Hippocrates,  strainer  of,  10 
Hoar  frost,  287 
Hooke's  barometer,  128 
Hope's  experiments,  228 
Horn,  194 
Horse  power,  269 
Human  voice,  195 

Hydraulic  press,  83  ;  tourniquet,  79 

Hydrofluoric  acid,  202 

Hydrometers,  103,  105,  106  ;  Nichol- 
son's, 102 

Hydrostatic  balance,  96,  102,  103  ; 
paradox,  81 

Hydrostatics,  74 

Hydrogen,  density  of,  231 

Hydromctric  state  of  air,  276 

Hygrometry,  274 

Hygroscopes  and  hygrometers,  27^, 
276a 

Hyponitrous  acid,  466 
Hypsometer,  250 
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ICE 

TCEBERGS,  235 

-L  Ice  calorimeter,  261  ;  expansive 
force  of,  235  ;  fusion  of,  261  ;  latent 
heat  of,  234  ;  machine,  238 

Images,  315  ;  accidental,  360  ;  and 
foci,  346  ;  in  concave  mirrors,  325  ; 
multiple,  318  ;  real,  325,  344  ;  and 
virtual,  317,  345  ;  reversed,  319  ; 
symmetrical,  317 

Imbibition,  6g 

Immersed  bodies,  equilibrium  of,  97 
Impenetrability,  7 
Impermeable  strata,  94 
Incidence,  angle  of,  212,  328 
Inclination  compass,  400  ;  magnetic, 
400 

Inclined  plane,  53  ;  bodies  falling  by,  54 
Indicator,  491,  496 
Indium,  355 

Induced  currents,  properties  of,  504 

Induction  coils,  505  ;  by  the  earth, 
503  ;  by  currents,  502  ;  electricity 
by,  415  ;  magnetic,  395  ;  by  mag- 
nets, 396,  503 

Inertia,  18,  19 

Ingenhousz's  apparatus,  220 

Inkstand,  syphon,  146 

Instruments,  mouth,  194  ;  wind,  194 

Insulating  bodies,  411  ;  stool,  421 

Intermittent  springs,  151 

Intervals,  175 

Iris,  387 

Irradiation,  361 

Isochimenal  lines,  281 

Isochronism,  58 

Isoclinic  lines,  400 

Isogeothermic  lines,  281 

Isotheral  lines,  281 

Isothermal  lines,  281  ;  zone,  281 

JAR,  Leyden,  433  ;  luminous,  438 
Jets  of  water,  92 
Jupiter,  309 

KALEIDOSCOPE,  320 
Kamsin,  292 
Kepler's  telescope,  368 
Key-note,  176 
Kienmayer's  Amalgam,  417 
Kilogrammetre,  269 
Kirchhoff  s  and  Bunsen's  researches, 
354 

Kite,  Franklin's,  444 
Knife-edge,  48 


MAC 

T  ACTOMETER,  109 

Land  breeze,  292 
Latent  heat,  234;  of  vapours,  251 
Lateral  pressures,  79 
Latitude,  influence  of  on  temperature, 
279 

Lavoisier  and  Laplace's  ice  calori- 
meter, 261 

Laws  of  falling  bodies,  52  ;  of  radia- 
tion, 209 

Leclanche's  battery,  467 

Length,  unit  of,  23 

Lenses,,  338  ;  achromatic,  364  ;  crown 
glass,  364  ;  different  kinds  of,  338  ; 
flint  glass,  364  ;  principal  axis  of, 
339  ;  double  convex,  343  ;  real 
images  in,  344 

Leslie's  cube,  214  ;  differential  ther- 
mometer, 205 

Levelling  staff,  90 

■Level  of  liquids,  85,  86  ;  spirit,  91 

Levers,  33  ;  applications  of,  35  ;  arms 
of,  33  ;  effect  of,  34 

Leyden  jar,  433  ;  discovery  of,  429 

Lift-pumps,  147 

Lightning,  444,  447  ;  effects  of,  44g  ; 
ascending,  449;  conductor,  451,  499; 
globe,  447 

Light,  304  ;  absorption  of,  306  ;  de- 
composition of,  349  ;  diffused,  313  ; 
dispersion  of,  349  ;  electric,  470  ; 
intensity  of,  310  ;  propagation  of, 
307  ;  recomposition  of,  356  ;  reflec- 
tion of,  311  ;  scattered,  313  ;  sources 
of,  305  ;  velocity  of,  309 

Lighthouses.  348 

Line  wire,  493 

Linear  expansion,  224 

Litre,  104 

Lodestone,  391 

Long  sight,  388 

Loops,  191 

Liquefaction  of  gases,  258  ;  of  va- 
pours, 254 

Liquids,  5  ;  buoyancy  of,  80  ;  con- 
ducting power  of,  220  ;  equilibrium 
of,  84,  87  ;  expansion  of,  227  ; 
fixed,  239  ;  level  of,  85  ;  pressures 
from,  78  ;  specific  gravity  of,  103  ; 
superposed,  89  ;  volatile,  239 

Luminiferous  ether,  304 

Luminous  globe  and  tube,  427;  jar,  438 


MACHINE,  32  ;  weighing,  51 
Mackerel  sky,  284 
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MAG 

Magdeburg  hemisphares,  116 

Magic  lantern,  375  ;  pane,  426 

Magnetic  attraction  and  repulsion, 
393  ;  batteries,  402  ;  dip,  400  ; 
equator,  400  ;  effects  of  electrical 
discharge,  443  ;  fluids,  394  ;  in- 
duction, 39S  ;  meridian,  398  ;  needle, 
391.  393.  477  ;  poles,  394.  400  ; 
substances,  395 

Magnetisation  of  the  earth,  401  ;  by 
currents,  481  ;  limit  of,  488  ;  by- 
magnets,  401  ;  by  touch,  401 

Magnetism,  Ampère's  theory  of,  488  ; 
and  electricity,  475 

Magnets,  action  of  current  upon,  476  ; 
of  the  earth  on,  397  ;  consequent 
points  of,  392  ;  distribution  of 
magnetic  force  in,  392  ;  in  the 
earth,  478  ;  induction  by,  502  ;  in- 
fluence of,  in  magnetic  substances, 
395  ;  natural  and  artificial,  391 

Major  chord,  175  ;  semitone,  175  ; 
tone,  175 

Malleability,  73 

Manhole,  270 

Manometer,    134  ;    compressed  air, 

134  ;  open  air,  134 
Mares'  tails,  284 
Mariner's  compass,  399 
Mariotte's  law,  133 
Marloye's  harp,  185 
Mason's  apparatus,  81 
Mass,  2 
Matter,  2 

Maximum  density  of  water,  228 
Mean  time,  347  ;  temperature,  278 
Mechanics,  32 

Melloni's  thermomultiplier,  510 

Memoria  technica,  477 

Mercurial  thermometers,  200,  204 

Mercury  frozen,  2^3 

Meridian,  magnetic,  398  ;  quadrant 

of,  104 
Metalloids,  3 
Metals,  3 
Meteorology,  277 
Metre,  104 
Metronome,  62 

Microscopes,  366,  372  ;  compound, 
373  ;  origin  and  use  of,  374  ;  photo- 
electrical, 378  ;  solar,  379 

Minimum  thermometer,  206 

Minor  chord,  175  ;  semitone,  176  ; 
tone,  175 

Mirage,  334 

Mirrors,  315  ;  applications  of,  327  ; 


OSC 

burning,  213  ;  concave,  213,  321  ; 
plane,  316  ;  spherical,  321 
Mists,  283 

M  ixtures,  method  of,  261 

Mobile  equilibrium  of  temperature,  211 

Molecular  attraction,  4  ;  forces,  4 

Molecules,  4 

Monochord,  183 

Monsoon,  292 

Morse's  alphabet,  496  ;  key  and  re- 
ceiving instrument,  496  ;  telegraph, 
492,  495 

Motion,  14  ;  accelerated,  17  ;  uniform, 
16  ;  uniformly  accelerated,  17  ;  re- 
tarded, 17 

Motor,  32 

Mouth  instruments,  188,  194;  piece,  187 
Multiplier,  479 

Multiple  echoes,  165  ;  images,  318,  320 
Muschenbrock's  Leydenjar,  433 
Musical  boxes,  185  ;  compound  tones, 

180  ;   intervals,    175  ;   scale,   174  ; 

sound,  169  ;  temperament,  177 
Myopy,  388 


NASCENT  state,  63 
Needle,    dipping,   400  ;  mag- 
netic, 391  ;  marked  end  of,  393 
Newcomen  and  Cowley's  fire-pump, 

262  ;  single-action  machine,  263 
Newton's  disc,  356  ;  telescope,  370  ; 

theory  on  light  and  colour,  356 
Nicholson's  hydrometer,  102 
Nimbus,  284 

Nitrogen,  110  ;  density  of,  231 

Nobili's  thermo-electric  pile,  511 

Nodal  lines,  186 

Nodes  and  loops,  191 

Noise,  170 

Non-conductors,  410 

Notes,  fixed  and  variable,  194 

Nutcrackers,  35 


OCCULTATION  of  Jupiter,  309 
Oersted's  discovery,  476 
Open  pipes,  laws  of,  191 
Optic  nerve,  387 

Opticjl  centre,  339  ;  instruments,  366- 

390 
Orbits,  37 
Organ  jjipes,  194 
Oscillating  motion,  56 
Oscillation,  157  ;  amplitude  of,  56  ; 

of  pendulum,  104 
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OTT 

Otto  von  Guericke's  air-pump,  138  ; 

electrical    machine,     416  ;  liemi- 

splieres,  116 
Outcrop,  9  \ 
Overtones,  180 
Oxygen,  110  ;  density  of,  231 
Ozone,  442,  44Q 


PALLETS,  61 
J-      Pandean  pipe,  194 
I'apin's  digester,  248 
Parachute,  155 
Paradox,  hydrostatical,  81 
Parallelogram,  263  ;  of  forces,  25,  26 
Pascal's  experiment,  82  ;   on  atmo- 
spheric pressure,  118  ;  law,  76,  77 
Pedal,  184 

Pendulum, 56;  application  of.  to  clocks,  . 
61  ;  compensation,  226  ;  compound, 
57  ;  electrical,  405  :  simple,  57  ;  laws 
of,  58  ;  verification  of  laws  of,  59 

Penumbra,  308 

Percussion,  heat  due  to,  296 

Periscopic  glasses,  388 

Permeable  strata,  94 

Perturbations,  398 

Phantasmagoria,  376 

Phenakistoscope,  357 

Phial  of  four  elements,  8g 

Phosphorescence,  spontaneous,  305 

Photo-electrical  microscope,  378,  37g 

l^'hotography,  383 

Photometer,  310 

I'hvsiological  effects   of  the  electric 

discharge,  437,  468 
Piano,  184 
I'iezometer,  75 
Pisa,  Tower  of,  47 
Pitch,  171  ;  concert,  178  ;  pipe,  193 
I  Mane,  inclined,  53  ;  mirrors,  317 
Plumb  line,  41 
Pluviometer,  286 
Pneumatic  syringe,  296 
Points,  power  of,  414 
Polar  Aurora,  452 
Polarity,  austral  and  boreal,  397 
Poles,  flattening  of  the  earth  at,  31  ; 

of  the  magnet,  392  ;  magnetic,  400 
Poles  and  electrodes,  461 
Polyorama,  377 
Pores,  4,  9 
Porosity,  9 

Positive  electrical  fluid,  407  ;  on  glass, 

384  ;  plate,  460 
Pound  avoirdupois,  104 


REF 

Powers,  20 

Presbyoptic,  388 

Presbytism,  388 

Press,  hydraulic,  83 

Pressure,  atmospheric,  114;  conden- 
sation by,  254  ;  equality  of,  76  ; 
heat  due  to,  296  ;  horizontal,  78  ; 
of  an  atmosphere,  131,  246  ;  on  a- 
liquid,  247  ;  on  a  body  in  a  liquid, 
95  ;  supported  by  a  man,  132 

Primary  coil,  502  ;  tones,  180 

Prism,  336  ;  paths  of  rays  in,  337 

Proof  plane,  4T4 

Propagation  of  light,  307  ;  of  sound, 

158,  161 
Psychrometer,  276  a 
Pumps,  138.  142,  147,  148 
Pupil,  387 
Pyrheliometer,  297 
Pyrometers,  207 


QUADRANT  electrometer,  417' 
Quadrant  of  the  meridian,  104 


RADL\NT  heat,  208-210 
Radiating  powers,  217 
R.adiation,  laws  of,  209  ;  solar,  297 
Radius  of  the  earth,  31 
Rain,  286  ;  gauge,  285 
Rainbow,  362 

Ramsden's  electrical  machine,  416 
Rarefaction,  measurement  of,  139 
Ray,  incident,    212,  311,  328  ;  re- 
flected, 311,  328 
Real  expansion,  227 
Real  image,  325  ;  in  double  convex 
lenses,  344;  and  virtual  images,  317, 
325 

Réaumur  degree,  202  ;  scale,  202 

Receiver,  138,  258  ;  air-pump,  138 

Recomposition  of  white  light,  356 

Reed  instnmients,  189 

Reflected  ray,  311,  328 

Reflecting  telescopes,  370 

Reflection,  angle  of,  212  ;  of  heat, 
212,  213  ;  internai,  333  ;  of  light, 
311  ;  from  transparent  bodies,  319; 
regular,  312  ;  irregular,  312  ;  of 
sound,  164  ;  specular,  313 

Refracting  substances,  330 

Refraction,  328  ;  angle  of,  328  ; 
change  of,  to  reflection,  333  ;  ex- 
lierimental  proofs  of,  331  ;  of  heat, 
334,  347  ;  laws  of,  329  ;  limit  of,  333  ; 
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REF 

various  effects  of,  332  ;  through 
prisms  and  lenses,  335-343 

Refractory  substances,  232 

Refrangibihty,  aberration  of,  363 

Regulator,  263,  266 

Relay,  500 

Repulsion,  magnetic,  303 
Resin  electrophorus,  418 
Resistances,  20,  33 

Resonance,  165  ;  box,  178  ;  globes, 

i8o  ;  of  air,  179 
Resultant  forces,  34-25-37 
Rest,  14 
Retina  387 
Retvirn  shock,  450 
Reversed  image,-  319 
Rheometer,  479 
Rhumbs,  290 
Rime,  287 

Roget's  vibrating  spiral,  483 
Rope-dancing,  47 
Rotation  of  winds,  293 
Rubbers,  417 
Rubidium,  355 
Ruhmkorff's  coil,  505,  306 
Rumford's  calorimeter,  300 
Rutherford's  thermometers,  206 


CACCHAROMETER,  103 

Safety»valve,  248,  272  ;  whistle, 
,  273 

Salts,  deliquescent,  254,  275  ;  from 

sea  water,  244 
Savart's  toothed-wheel,  173 
Scale  of  thermometer,  202 
Scale-pans,  48 
Scattered  light,  313 
Schweigger's  galvanometer,  479 
Scissors,  35 
Sclerotica,  387 
Sea  breeze,  292 
Secondary  coil,  503 
Secondary  currents,  463  ;  rainbow, 

361 

Seconds  pendulum,  61 
Secular  variations,  398 
Semiconductors,  410 
Semitones,  176 

Shadow,  308  ;  geometrical,  308 
Shaft,  horizontal,  164 
Short  sight,  388 

Siemens's  electrical  experiment,  454 
Single-action  machine,  263 
Sirocco,  293 
Sleet,  2S8 


SUB 

Slide  valve,  265 
Slow  discharge,  431 
Snow,  288 

Solar  microscope,  379  ;  radiation,  297  ; 
spectrum,  349  ;  time,  347 

Solenoids,  484,  486,  487 

SoHds,  5  ;  conductivity  of,  220  ;  ex- 
pansion of,  224,  225  ;  specific  gravity 
of,  lor,  103 

Solidification,  235 

Solution,  237 

Sonometer,  183 

Sonorous  body,  157 

Sound,  156  ;  intensity  of,  166  ;  limit 
of,  173  ;  post,  184  ;  in  pipes,  187  ; 
propagation  of,  158  ;  reflection  of, 
164  ;  transmission  of,  167  ;  not  pro- 
pagated in  vacuo,  160  ;  velocity  of, 
162  ;  in  gases,  162  ;  waves,  158 

Sounder,  497 

Spark,  electrical,  420 

Speaking  trumpet,  168  ;  tubes,  167 

Specific  gravity,  loi  ;  tables  of,  104 

Specific  gravity,  231  ;  flask,  102,  103  ; 
of  liquids,  103  ;  properties  of  bodies, 
6  ;  of  soUds,  102,  103 

Specific  heat,  260  ;  of  solids  and  li- 
quids, 261  ;  table  of,  261 

Spectacles,  374 

Spectroscope,  354,  355 

Spectrum,  349  ;  analysis,  353  ;  colours 
of,  350  ;  effects  of,  351  ;  dark  lines 
of,  353 

Specular  reflection,  313 

Spherical  aberration,  365  ;  mirrors,  321 

Spiral  thermometer,  225  a 

Spirit-level,  91 

Springs,  93';  intermittent,  151 
Staubbach,  52 

Steam  boiler,  270  ;  engine,  202,  268 

Steel,  401 

Steelyard,  23 

St.  Elmo's  fire,  453 

Stereoscope,  390 

Stethoscope,  167 

Stills,  257 

Stool,  insulating,  421 
Strata,  permeable,  94 
Stratification  of  the  electric  light 
506 

Stratus  clouds,  284 
Streams,  93 

Stringed  instruments,  184 
Strings,  transverse  vibrations  of,  181 
Structure  of  the  eye,  387 
Sub-dominant  chords,  175 
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SUB 

Submarine  wire,  493 
Subterranean  wire,  493 
Suction  pump,  147 
Superficial  expansion,  198 
Surface,  6  ;  atmosplieric  pressure  on, 
119 

Suspension,  axis  of,  48 

Swimming,  100  ;  bladder  of  fislies,  99 

Symmer's  liypotliesis,  407 

Syplion,  150  ;  barometer,  123  ;  inl<- 

stand,  146 
Syren,  172 

Syringe,  pneumatic,  396 

q^ANTALUS'S  cup,  151 
-L     Telegrapli  dial,  491  ;  electric, 

491  ;  line  wire,  493  ;  Morse's,  495 
Telephone,  541 
Telescopes,  366-81 
Temperature,  199  ;  of  the  air,  279  ; 

mobile  equilibrium  of,  212 
Tempered  steel,  391 
Tenacity,  70 

Tension,  12;  of  gases,  109;  maximum, 
242  ;  of  vapours,  242;  of  electricity, 

Ten-estrial  current,  489  ;  heat,  298  ; 
telescope,  369 

Thallium,  355' 

Thaumatrope,  357 

Thermal  unit,  25g 

Themio-barometer,  250 

Thermoelectric  pile,  511  ;  series,  510 

Thermoelectricity,  509 

Thermometers,  200  ;  alcohol,  203  ; 
differential,  205  ;  graduation  of,  2Qr  ; 
mercurial,  200  ;  scale  of,  201,  202  ; 
spiral,  225  (Z 

Thermo-multipliers,  511 

Thilorier's  experiment  on  the  lique- 
faction of  gases,  258 

Thunder  and  lightning,  444,  448 

Timbre,  171 

Time,  347 

Tone,  major  and  minor,  173 
Tonic  chords,  173 

Torricelli's  experiment,  ri;;  vacuum, 

Ï24 

Torsion,  la 

Tourniquet,  hydraulic,  79 
Tower  of  Pisa,  47  ;  of  Bologna,  47 
Traction,  23 
Trade  winds,  292 
Translucent  bodies,  306 
Transparent  Ijodies,  306  ;  colours  of, 
359  ;  reflection  from,  320 


VOW 

Triangle,  185 
Trombone,  194 
True  time,  347 

Trumpet,  speaking,  168  ;  ear,  169 
Tube,  graduation  of,  121  ;  luminotis, 
427  ;  Mariotte's,  133  ;  spealcing,  167 
Tuning-forlc,  178,  185  ;  normal,  178 
Turning-table,  29 
Tympanum,  158 


UNDULATION  of  heat,  196 
Undulatory  theory,  304 
Unison,  17s 

Unit  of  length,  23  ;  thermal,  259 
Units,  British,  104  ;  French,  10 
Universal  discharger,  439 


VACUUM,  124,  141  ;  formation  of 
vapours  in,  241 
Valve  chest,  265  ;  slide,  365  ;  safety, 
272 

Vane,  electrical,  424 

Vapour,  109  ;  quantity  which  saturates 
a  space,  243  ;  latent  heat  of,  251 

Vapours,  239  ;  elastic  force,  240  ;  for- 

.  mation  in  a  vacuum,  341,  242  ;  li- 
quefaction of,  254 

Variable  winds,  292 

Variations,  barometric,  125 

Velncitv,  16  ;  of  falling  bodies,  52  ; 
of  sound,  162  ;  of  Ught,  309 

Ventral  segment,  191 

Vertical  lines,  40  ;  pressure,  80 

Vesicular  vapours,  284 

Vibrating  spiral,  483 

Vibration,  157  ;  of  plates,  186 

Vibrations  of  strings,  181  ;  laws  of, 
182  ;  in  pipes,  193  ;  rods,  184 

Virtual  focus,  324,  343,  346  ;  images, 

317.  325.  345         ^  „ 
Vision,  mechanism  of,  387  ;  distance 

of  distinct,  388  ;  binocular,  389 
Vital  fluid,  45s 

Vitreous  fusion,  232  ;  humour,  387 
Voice,  human,  195 
Volatile  liquids,  23g 
Voltaic  arc,  470  ;  battery,  462,  468  ; 
couple,   457,  460;    current,  402; 

pile,  457,  463  J     ■  , 

Voltn's  cannon,  428;  condensing  elec- 
troscope, 456  ;  fundamental  experi- 
ment, 456 
Volume,  6,  101 
Vowel  sounds,  siS 
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■^XTATER,  decomposition  of,  471  ; 
'  '     hammer,  52  ;  jets  of,  92  ;  latent 

heat  of,  234  ;  level,  90  ;  maximum 

density  of,  228  ;  and  mercury  frozen 

in  a  vacuum,  253 
Wall's  sleam  engine,  263 
Wave,  condensed,  158  ;  rarefied,  158 
Weather,  127  ;  glasses,  128 
Weighing  machines,  51  ;  method  of 

double,  50 
Weight  of  the  air,  113  ;  of  abody,  39, 

42  ;  of  gases.  112  ;  of  liquids,  78 
Weight,  barometer,  128  a 
Wells,  93 

Wel-bulb,  hygrometer,  276  « 
Wheel  barometer,  128  ;  escapement, 
61  ;  fly,  264  ;  friction,  55 


ZON 

Wliirl,  electrical,  424 
Whistle,  safety,  273 
White  light,  349  ;  recomposition  of, 
356 

Whitworth's  shells,  296 

Wind    instruments,    194  ;  channel, 

189  ;  chest,  190 
Winds,  290-293 
Wine-tester,  131 
Wollaslon's  battery,  462 

Y^RD,  104 

VINC-carbon  battery,  466 
^    Zoetrope,  357 
Zone,  isothermal,  2S1 
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Chesney's  Indian  Polity.   8vo.  21^. 

—    'Waterloo  Lectures.   8vo.  10s.  6(7. 
Digh/s  Famine  Campaign  in  India.   2  vols.  8vo.  32s. 
Durand's  First  Afghan  War.   Crown  8vo. 
Epochs  of  Ancient  History  :— 

Beesly'a  Gracchi,  Marins,  and  Sulla,  2s.  6d. 

Capca's  Age  of  the  Antonines,  2s.  6d. 

—  Early  Eoman  Empire,  2s.  6d. 
Cox's  Athenian  Empire,  2s.  Cd. 

—  Greeks  and  Persians,  2s.  6d. 

Cnrteis's  Bise  of  the  Macedonian  Empu-e  2s  6d 
Ihne'3  Rome  to  its  Capture  by  the  Gauls!  2s.'  6d'. 
Menvale  s  Roman  Triumvirates,  2s.  6rf. 
Sankey's  Spartan  and  Thebaa  Supremacies,  2s.  6d 
Epochs  of  English  History  :— 

Creighton-s  SMlling  History  of  England  (Introductory  Volume). 

Browning's  Modem  England,  1820-1875,  9d. 

Cordery'a  Struggle  against  Absolute  Monarchy,  1603-1688  9d 

Creighton  s  (Mz-s.)  England  a  Continental  Power,  1066-1216  W 

Creighton's  (Rev.  M.)  Tudors  and  the  Reformation,  1485-1603  W 

Rowley's  Rise  of  the  People,  1215-1485,  9rf.  ' 

Rowley's  Settlement  of  the  Constitution,  1688-1778  9d 

ml'mofoT  ''"^^        ^'^"^'"^  ^  Wars, 
York-Powell's' Early  England  to  the  Conquest,  Ij. 
Epochs  of  Modern  History  :— 

Church's  Beginning  of  the  Middle  Ages,  2s.  6d. 
Cox's  Crusades,  2s.  6d.  &   •  ■ 

Creighton's  Age  of  Elizabeth,  2s.  Gd 
Gairdner'a  Houses  of  Lancaster  and  York,  2s  Gd 
Gardiner's  Puritan  Revolution,  2s.  Gd 

—  Thirty  Years'  War,  2s.  6d. 
Hale's  FaU  of  the  Stuarts,  2s.  Gd. 
Johnson's  Normans  in  Europe,  2s.  6d. 
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Epochs  of  Modern  mstorj— continued. 

Ludlow's  War  of  American  Independence,  2j.  Gd. 

Morris's  Age  of  Queen  Anne,  2i.  Gd. 

Seebolim's  Protestant  Bevolution,  2s.  6d. 

Stnbbs's  Early  Plantagenets,  2s.  6d. 

Warburton's  Edward  III.,  2s.  Gd. 
Fronde's  English  in  Ireland  in  the  18th  Century.   3  vols.  8vo.  48s. 

—  History  of  England.   12  vols.  8vo.  £8. 18s.   12  vols,  crown  8vo.  72>. 

—  Julius  CiEsar,  a  Sketch.   8vo.  IGs. 

Gairdner's  Richard  in.  and  Perkin  Warbeck.   Crown  8vo.  10s.  Gi. 

Gardiner's  England  undsi-  Buckingham  and  Charles  I.,  1G24-1628.  2  vols.  Svo.  24». 

—  Personal  Government  of  Chai-les  I.,  1G28-1637.   2  vols.  8vo.  24s. 
GreviUe's  Journal  of  the  Beigns  of  George  IV.  &  William  IV.   3  vols.  8vo.  S6s. 
Hayward's  Selected  Essays.   2  vols,  crown  8vo.  12s. 

Hearn's  Aryan  Household.   8vo.  16s. 

Howorth's  Histoiy  of  the  Mongols.  Vol.  I.   Royal  Svo.  28s. 
Ihne's  Histoiy  of  Rome.   3  vols.  8vo.  45s. 

Lecky'sHistoiT  of  England.   Vols.  I.  &  n.,  1700-1760.   8vo.  3Gs. 
_         _    _  European  Morals.   2  vols,  crown  8vo.  16s. 

—  Spirit  of  RationaUsm  in  Europe.   2  vols,  crown  8vo.  16s. 
Lewes's  Histoiy  of  Philosophy.   2  vols.  8vo.  32s. 
Longman's  Lectures  on  the  History  of  England.   8vo.  15s. 

_  Life  and  Times  of  Edward  in.   2  vols.  8vo.  28s. 
Maoaulay's  Complete  Works.   8  vols.  8to.  £5.  5s. 

_      History  of  England  :—  ,        ^  „  io 

a4.,/io«f=lTrliHnn  2  vols  cr  8vo.  12s.  I  Cabinet  Edition.  8  vols,  post  8vO.  48s. 
I^p  e'^E^-Zv^^'cnsTo.  16S.  1  Library  EcUtlon.  5  vols.  8vo  £4 
Macaulay's  Critical  and  Historical  Essays.   Cheap  Edition.   Crown  8vo  3i.  6i. 

May's  Constitutional  History  of  England.   3  vols,  crown  8vo.  18s. 

_    Democracy  ui  Europe.   2  vols.  8vo.  32s. 
Merivale's  Fall  of  the  Roman  BepubUc.   12mo.  7s.  6(J. 

General  Histoiy  of  Rome,  B.c.  753-a.b.  476.   Crown  8vo.  7s^6d. 
History  of  the  Bomans  under  the  Empire.   8  vols,  post  8vo.  48s. 
P^pT's  Ci^l  War  in  Wales  and  the  Marches,  1642-164D.   8vo.  IGs. 
Prothero's  Life  of  Simon  de  Montfort.   Crown  8vo.  9.9. 
BaÏSson's  Seventh  Great  Oriental  Mon«:rchy-The  Sassanians.   8vo.  28,. 

_   Sixth  Oriental  Monarchy— Parthia.   8vo.  16s. 
Seebohm's  Oxford  Beformers-Colet,  Erasmus,  &  More    8vo.  Us. 
Sewell's  Popular  History  of  France.   Crown  8vo.  7s.  6<J. 
Sb  History  of  the  Church  of  England.   Crown  8  vo.  7s  6.^ 
smith's  Carthage  and  the  Carthaginiaris.   Crown  8vo.  10s.  6rf. 
Tavlor's  Manual  of  the  History  of  India.   Crown  8vo  7i^  Gd 
Sd's  plamentary  Government  in  England.   2  vols.  8vo.  37s. 
Trench's  BeaUties  of  Irish  Life.   Crowr.  8vo  2s.  6<i. 
Walpoles  History  of  England.   Vols.  I.  &  II.   8vo.  36s. 

BIOGRAPHICAL  WORKS. 
Burke'B  Vicissitudes  of  Families.  2  vols,  crown  «vo  21s. 
Sb  Dictionary  of  General  Biography^dium  8vo.  25s. 
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Gleig's  Life  of  the  Duke  of  Welliiigton.   Crown  Sro.  6*. 

Jerrold's  Life  of  Napoleon  III.   Vols,  I.  to  rn.  8vo.  pi-ice  18*.  each. 

Jones's  Lifo  of  Admiral  Probisher.   Cro^vn  8to.  63. 

Lecky's  Leaders  of  Public  Opinion  in  Ireland.   Crown  Svo.  7s.  Gd. 

Life  (The)  of  Sir  William  Fairbairn.   Cro-svn  8vo.  ISs. 

Life  (The)  of  Bishop  Frampton.   Cro\vn  8vo.  10s.  Gd. 

Life  (The)  and  Letters  of  Lord  Macaulay.    By  his  Nephew,  G.  Otto  Trevelyaa, 
M.P.   Cabinet  Edition,  2  vols,  post  8to.  12s.  Library  Edition,  2  vols.  8ro.  36i. 
Marshman's  Memoirs  of  Havelock.   Crown  8vo.  3*.  Gd. 
Memoirs  of  Anna  Jameson,  by  Gerardine  Maopherson.   8to.  12s.  Gd. 
Memorials  of  Charlotte  Williams-Wynn.   Crown  8vo.  10s.  Gd. 
Mendelssohn's  Letters.   Translated  by  Lady  Wallace.   2  vols.  or.  8vo.  5s.  each. 
Mill's  (John  Stuart)  Autobiography.   8vo.  7s.  Gd. 
Newman's  Apologia  pro  Vita  Sua.   Crown  8vo.  Gs. 

Nohl's  Life  of  Mozart.   Translated  by  Lady  Wallace.   2  vols,  crown  8vo.  21i. 
Pattison's  Life  of  Casaubon.   8vo.  18j. 

Spedding's  Letters  and  Life  of  Francis  Bacon.   7  vols.  8vo.  £4.  4j. 
Stephen's  Essays  in  Ecclesiastical  Biography.   Crown  8vo.  7*.  Gd. 
Stigand's  life.  Works  &c.  of  Heinrich  Heine.    2  vols.  8vo.  28s. 
Zimmem's  Life  and  Works  of  Lessing.   Crown  8vo.  lOi.  Gd. 

CRITICISM,  PHILOSOPHY    POLITY  &c. 

Amos's  View  of  the  Science  of  Jurisprudence.   8vo.  18*. 

—  Primer  of  the  English  Constitution.  Crown  8vo.  6j. 
Arnold's  Manual  of  BngUsh  Literature.  Crown  8vo.  7j.  Gd. 
Bacon's  Essays,  with  Annotations  by  Whatdy.   8vo.  lOi.  Gd. 

—  Works,  edited  by  Speddlng.   7  vols.  8vo.  73*.  Gd. 
Bain's  Logic,  Deductive  and  Inductive.   Crown  8vo.  10*.  Gd. 

Part  I.  Deduction,  4*.       |       Pakt  II.  Induction,  6*.  Gd. 
Blackley's  German  and  English  Dictionary.   Post  8vo.  7*.  Gd. 
Bolland  &  Lang's  Aristotle's  Politics.   Crown  8vo.  7s.  Gd. 
Bulllnger's  Lexicon  and  Concordance  to  the  New  Testament.   Medium  8vo.  30*. 
Comte's  System  of  Positive  PoUty,  or  Treatise  upon  Sociology,  translated  :— 

Vnr  ■  ÏV  °*  Pofj"^  and  its  Introductory  Principles.  8vo.  21*. 

Vol.  n.  Social  Statics,  or  the  Abstract  La%vs  of  Human  Order  14* 

v^t'  ^yjil'^'^<  or  General  Laws  of  Human  Progi-ess.  21*. 

Vol.  IV.  Theory  of  the  Future  of  Man  ;  with  Early  Essays  24^ 
Congreve's  Politics  of  Aristotle  ;  Greek  Text,  English  Notes.  8vo.  18* 
Contanseau's  Practical  French  &  EngUsh  Dictionary.   Post  8vo.  7*.  Gd. 

—        Pocket  French  and  English  Dictionary.   Square  18mo.  3*.  Gd 
DoweU's  Sketch  of  Taxes  in  England.   Vol.  I.  to  1642.   8vo.  10*.  Gd. 
Farrar's  Language  and  Languages.   Cro\vn  8vo.  61. 
Grant's  Ethics  of  Aristotle,  Greek  Text,  EngUsh  Notes.   2  vols.  8vo.  32* 
Hodgson's  Philosophy  of  Reflection.   2  vols.  8vo.  21* 

^^^^Tr^^^^nJ''^^'^^'?^^"'^'^^''^  °°        O'd  Testament;  with  a 

R^dJ  ?2*    Vol"  TtU;  ^"if"  °'  "^^'^  theGenor^ 

KeadM-  12*.   V^o    II  iiodu*  16*.  or  adapted  for  the  General  Reader,  12*. 

vol.  iV.  Leviticus,  Part  H.  16*.  or  adapted  for  the  General  Reader,  8*. 
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Latham's  Handbook  of  tbe  EngUsh  Language.   Crown  8yo.  6s 

-  EngKsh  Dictionary.   1  vol.  medium  8yo.  24,.   4  Yols.  4to.  *7. 
Lewis  on  Authority  in  Matters  o£  Opinion.   8vo.  14^. 
LiddeU  &  Scotfs  Greek-BngUsh  Lexicon.   Crown  4to^  36^. 

_    _    _     Abridged  Greek-English  Lexicon.   Square  12mo.  7,.  6d. 
Longman's  Pocket  German  and  English  Dictionary  18mo^5,. 
Macaulay's  Speeches  con-ected  by  Htaself    Cro^  j  12,. 

Macleod's  Economical  Philosophy.  Vol.  L  8yo.  15,.   Vol.  H.  Part  1. 
Mill  on  Representative  Government.   Crown  8vo.  is. 

 Liberty.   Post  8vo.  7«.  Gd.   Crown  8vo.  li.  4d. 

Mill's  Dissertations  and  Discussions.   *  ^«J^v.^^- g,  6<J 
_   Essays  on  Unsettled  Questions  of  Pohtical  Economy.   8vo.  6,.  6<«. 

_  Examination  of  Hamilton's  Philosophy.  8vo.l6,. 

_  Logic,  Eatiocinative  and  Inductive.   2  vols.  8vo.  25s. 

_  Phenomena  of  the  Human  Mind.   2  vols.  8vo.  28,. 

_  Principles  of  Political  Economy.   2  vols.  8vo.  30,.   1  vol.  a.  8vo.  5,. 

_  Subjection  of  Women.   Crown  8 vo.  6,. 

—  Utilitarianism.   8vo.  5,. 

MoreU'sPhUosophical  Fragments.   Crown8vo.  5,.  gvo.  le,. 

Milller's  (Max)  Lectm-es  on  the  Scxencc    ^^^^'^/jJ^TTvo.  10,.  6<Z. 

_  Hibbert  Lectures  on  the  Origin  and  Growth  of  Beligion. 
Noiré  on  Max  MuUer's  Philosophy  of  Language.   8vo.  6^ 
Rich's  Dictionary  of  Roman  and  Greek  Antiquities.  «J";  J/'  g^' 

Roge  's  Th^u^  of  EngUsh  Words  and  Pln-as^.   ^^own  8vo  10,.  Gd. 
S^dars's  institutes  of  Justinian,  with  Enghsh  Notes.   8vo.  18,. 
Swinboume's  Pictui-e  Logic.   Post  8^°-  g^^.  g,. 

Thomson's  Outlme  of  Neces^ry  Laws  of  Thought    ™         ^^^^  g^^.  ig, 
Tocquevme's  Democracy  in  ^-^^f^f^^  T2,  ^Time  of  War,  21,. 
Twiss's  Law  of  Nations,  8vo.  "^Jmie  of  Peaœ. 
Whately's  sVfi^  G  8vo.  4,.  G.. 

_      English  Synonymes.   Fcp.  8vo  3,. 
White  &  Ridme's  Large  Latin-English  dictionary    4ta  28, 

Squai-e  12mo.  12,.  ^    u^^.^.tin  Dictionary,  5,.  6^. 

Separately  I  The  Latin-BngUsh  Dictionary,  i,.  M. 

ZeUer's  Sonates  and  the  Socratic  Schools.   Cr^^^^  ' 

I  ^sz^^:t^o^ns. 

MISCELLANEOUS  WORKS  &  POPULAR  METAPHYSICS. 

Arnold's  (Dr.  Thomas)  Miscellaneous  Works.   8vo.  7,.  M. 
Bain's  Emotions  and  the  Wm.  8vo^^l5i^___ 
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Bain's  Mental  and  Moral  Science.    Crown  8vo.  10s.  Gd.   Or  separately  :  Part 
Mental  Science,  6*.  6rf.   Part  U.  Moral  Science,  is.  6d. 

—  Senses  and  the  Intellect.   8vo.  15s. 

Buckle's  Miscellaneous  and  Posthumous  Works.   3  vols.  8 vo.  52j.  6(7. 

Conington's  Miscellaneous  Writings.  2  vols.  8vo.  28*. 

Edwards's  Specimens  of  English  Prose.   IGmo.  2s.  6d. 

Fronde's  Short  Studies  on  Great  Subjects.   3  vols,  crown  8vo.  ISs. 

German  Home  Life,  reprinted  from  Frasez-'s  Magazine.    Crown  8vo.  6s. 

Hume's  Essays,  edited  by  Green  &  Grose.   2  vols.  8vo.  28s. 

—  Ti-eatise  of  Human  Nature,  edited  by  Green  &  Grose.   2  vols.  8vo.  28*. 
Maoaulay's  Miscellaneous  Writmgs.   2  vols.  8vo.  21j.   1  vol.  crown  8vo.  is.  6d. 

—  Writings  and  Speeches.   Crown  8vo.  6*. 

Mill's  Analysis  of  the  Phenomena  of  the  Hiunan  Mind.   2  vols.  8vo.  28*. 
Miiller's  (Max)  Chips  from  a  German  Workshop.   4  vols.  8  vo.  58*. 
Mullinger's  Schools  of  Charles  the  Great.   8vo.  7s.  6d. 
Eogers's  Defence  of  the  Eclipse  of  Faith  Fop.  8vo.  3s.  6d. 

—  EcUpse  of  Faith.   Fcp.  8vo.  S*. 

Selections  from  the  Writings  of  Lord  Macaulay.   Crown  8vo.  6*. 
The  Essays  and  Contributions  of  A.  K.  H.  B.    Ci'own  8vo, 

Autumn  Holidays  of  a  Counti-y  Parson.   3*.  6d 

Changed  Aspects  of  TJuchanged  Traths.    3*.  6d. 

Common-place  Philosopher  in  Town  and  Country.   3*  6d 

Counsel  and  Comfort  spoken  from  a  City  Pulpit.   3i  6d  ' 

Critical  Essays  of  a  Country  Pai^jon.    3*  Gd 

Graver  Thoughts  of  a  Country  Parson.   Thl-ee  Series,  3*.  Gd.  each. 

landscapes.  Churches,  and  Moralities.   3s  Gd 

Leisure  Hom-s  in  To\vn.   3*.  Gd. 

Lessons  of  Middle  Age.   3*.  Gd. 

Present-day  Thoughts.    3*.  Gd. 

Becroitions  of  a  Countiy  Parson.   Three  Series,  3*.  Gd.  each, 
beaside  Musmgs  on  Sundays  and  Wee'c-Days.    3*  Gd 
Sunday  Afternoons  in  the  Parish  Chmch  of  a  University  City.   3*.  Gd. 
Wit  and  Wisdom  of  the  Hev.  Sydney  Smith    IGmo.  3*.  Gd. 

ASTRONOMY,  METEOROLOGY,  POPULAR  GEOGRAPHY  &c. 

Dove's  Law  of  Storms,  translated  by  Scott.    8vo.  10*.  Grf. 
Herschel's  Outlines  of  Astronomy.   Square  crown  8v'o.  12* 
Keith  Johnston's  Dictionai-y  of  Geography,  or  Gazetteer.    8vo.  42* 
Nelson's  Work  on  the  Moon.   Medium  8yo.  31*.  Gd. 
Proctor's  Essays  on  Astronomy.   8vo.  12*. 

—  Larger  Star  Atlas.    FoUo,  15*.  or  Maps  only,  12*.  6d 

—  Moon.    Crown  8vo.  10*.  Gd. 

—  New  Star  Atlas.  Crown  8vo.  5*. 

—  Orbs  Around  Us.   Crown  8vo.  7*.  Cd. 

—  Other  Worlds  than  Om-s.   Crown  8vo.  10*.  Gd. 

—  Saturn  and  its  System.   8vo.  14*. 

—  Sun.   Crown  8vo.  14*. 

—  Transits  of  Venus,  Past  and  Comhig.   Crown  8vo.  8*.  Gd 

—  Treat;^  on  the  Cycloid  and  Cycloidal  Cui-vœ.   Crown  8vo.  10*.  Gd. 
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Proctor's  tTniverse  of  Stars.   8vo.  lOs.  6d. 
Bohellen's  Spectrum  Analysis.   8vo.  28*. 
Smith's  Air  and  Rain.   8vo.  24j. 

The  Public  Schools  Atlas  of  Ancient  Geography.  Imperial  8to.  7s.  Bd. 

_:      _      _   Atlas  of  Modern  Geography.  Imperial  8vo.  6s. 
Webh's  Celestial  Objects  for  Common  Telescopes.   New  Edition  in  preparation. 

NATURAL   HISTORY  &  POPULAR  SCIENCE. 

Amott's  Elements  of  Physics  or  Natural  Philosophy.   Crown  8vo.  I2s.  Sd. 
Brande's  Dictionary  of  Science,  Literature,  and  Art.   3  vols,  medium  8vo  63i. 
Decaisne  and  Le  Maout's  General  System  of  Botany.   Imperial  8vo.  31i.  6d. 
Evans's  Ancient  Stone  Implements  of  Great  Britain.   Svo.  28i. 
Ganot's  Elementary  Treatise  on  Physics,  by  Atkinson.   Large  crown  8vo.  15s. 

—    Natural  Philosophy,  by  Atkinson.   Crown  8vo.  7j.  6tf. 
Gore's  Art  of  Scientific  Discovery.   Crown  8vo.  15j. 
Grove's  Con-elation  of  Physical  Forces.   8vo.  15*. 
Hartwig's  Aerial  World.   8vo.  10*.  Cd. 

—  Polar  "World.   8vo.  lOi.  6d. 

—  Sea  and  its  Living  Wonders.   8vo.  10*.  Gd. 

—  Subterranean  World.   8vo.  10*.  6d. 
  Tropical  World.   Svo.  10*.  6d. 

Haughton's  Principles  of  Animal  Mechanics.   8vo.  21*. 

Heer's  Pi-imajval  World  of  Switzei-land.   2  vols.  8vo.  16*. 

Hehnholtz's  Lectures  on  Scientific  Subjects.   8vo.  12*.  M. 

Helmholtz  on  the  Sensations  of  Tone,  by  Ellis.   8vo.  36*. 

Hemsley's  Handbook  of  Trees,  Shrubs,  &Hei-baceous  Plants.  Medium  8vo.l2*. 

Hullah's  Lectures  on  the  History  of  Modern  Music.   8vo.  8*.  6<f. 

_    Transition  Period  of  Musical  History.   8vo.  10*.  Bd. 
KeUer-s  Lake  Dwellings  of  Switzeriand,  by  Lee.   2  vols,  royal  8vo.  42*. 
Kirby  and  Spence's  Introduction  to  Entomology.   Crown  8vo.  5*. 
Lloyd's  Treatise  on  Magnetism.   8vo.  10*.  6rf. 

_      _      ontheWave-Theory  of  Light.   8vo.  10*.  G(i. 
Loudon's  Encyclopsedia  of  Plants.   8vo.  42*.  o-crn  iRj. 

Lubbock  on  the  Origin  of  CiviUsation  &  Prhnitive  Condifon      ^an  18*, 
Macalister's  Zoology  and  Morphology  of  Vertebrate  Arnmals.    8vo.  10*.  6<?. 
■NTirola'  Puzzle  of  Life.    Crown  8vo.  3*.  6d.  .   .     ,    „  , 

Comparative  Anatomy  and  Physiology  of  the  Vertebrate  AbhubIs.  3  vols 

Procto's  Light  Science  for  Leisure  Hours.   2  vols,  crown  8vo.  7*.  6(i.  each. 
Bivers's  Rose  Amateur's  Guide.    Pep.  8vo.  4*.  Od. 
Stanley's  PamiUar  History  of  Bkds.   Pep.  8vo.  3*.  M. 
Text-Books  of  Science,  Mechanical  and  Physical. 

Abney's  Photography,  small  8yo.  3*.  Gd. 

Anderson's  (Sh-  John)  Strength  of  Materials,  3*.  M. 

Ai-mstrong's  Organic  Chemistry. /j-  Gd. 

BaiTy's  Railway  Apphances,  3*.  Od. 

Bloxam's  Metals,  3*.  Gd. 

Goodeve's  Elements  of  Mechanism,  3*.  Gd. 
—   Principles  of  Mechanics,  3*.  6a. 

Gore's  Blectro-MetaUmgy,  6*. 

Griffin's  Algebra  and  Trigonometry,  3*.  W. 

London,  LONGMANS  &  CO. 
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Text-Books  of  Science— continued. 

JeiiMu's  Electricity  and  Magnetism,  33.  6d. 
Maxwell's  Theory  of  Heat,  3*.  6(1. 

Merrifield's  Teclinical  Arithmetic  and  Mensuration,  3s.  Gd 
Miller's  Inorganic  Chemistry,  3s.  6d. 
Preece  &  Sirewiight's  Telegi-aphy,  3i.  6d. 
Butley'a  Study  of  Books,  is.  6d. 
Shelley's  Workshop  Appliances,  3s.  Gd. 
Thomé's  Structural  and  Physiological  Botany,  Gs. 
Thorpe's  Quantitative  Chemical  Analysis,  is.  Gd. 
Thorpe  Su  Muir's  Qualitative  Analysis,  3*.  Gd. 
Tuden's  Chemical  Philosophy,  3s.  Gd. 
Unwin's  Machine  Design,  3s.  Gd. 
Watson's  Plane  and  Solid  Geometry,  3*.  6d. 
TyndaU  on  Sound.   Crown  8vo.  10s.  Gd. 

—  Contributions  to  Molecular  Physics.   8to.  IGs. 

—  Fragments  of  Science.   New  Edit.   2  vols,  crown  8vo.      {In' the  press. 

—  Heat  a  Mode  of  Motion.    Crown  8vo. 

—  Lectures  on  Electa-ical  Phenomena.   Crown  8vo.  1^.  sewed.  Is.  Gd.  cloth. 

—  Lectures  on  Light.   Crown  8vo.  1*.  sewed,  Is.  Gd.  cloth. 

—  Lectures  on  Light  delivered  in  Ameiica.   Crown  8vo.  7s.  Gd 

—  Lessons  ia  Electricity.   Cro-ivn  8vo.  Is.  Gd. 
Von  Cotta  on  Rocfa,  by  Lawi-ence.   Post  8vo.  Us 
Woodward's  Geology  of  England  and  Wales.   Crown  8vo.  14^ 
Wood's  Bible  Anhnals.   With  112  Vignettes.   Syo.  Us. 

—  Homes  Without  Hands.   8vo.  14j. 

—  Insects  Abroad.   8vo.  14i. 

—  Insects  at  Home.   With  700  Illustrations.   8vo.  14i 

—  Out  of  Doors,  or  Articles  on  Katural  History.   Crown  8vo.  7^.  6<i. 

—  Strange  Dwellings.   With  60  Woodcuts.   Crown  8vo.  7j.  6d. 

CHEMISTRY  &  PHYSIOLOGY 

Auerbach's  Anthracen,  translated  by  W.  Crookes,  F.R.S.   8vo.  12^. 

Buckton  s  Health  in  the  House  ;  Lectures  on  Elementary  Physiology   Fcp  8vo  is 

Crookes's  Handbook  of  Dyeing  and  CaUco  Printmg!ivo  42s 

KinT,»tt.       °*  ^  G-h^<^Bl  Analysis.  Crown  8vo.  12..  Gd. 

■KJngzett  s  Animal  Chemistry.   Svo.  18j. 

ivr-,7-.  ^,^*°'^'^™'^"<=t«'*°<î  Processes  of  the  Alkali  Trade.   8vo  12i 

and  Practical.   3  voK  «V^Partl. 
Chemistry,  iew  Êcitton  S  the  press^       Chemistiy, 24..  Partm.  Organic 
Watts's  Dictionary  of  Chemistry.   7  vols,  medium  8vo.  £10.  16..  Gd. 
-  Third  Supplementary  Volume,  in  Two  Parts.   Paet  I.  36.. 

THE  FINE  ARTS  8c   ILLUSTRATED  EDITIONS 

—  —  Monastic  Orders.    1  vol.  21. 
_    —   —    Saints  and  Martyrs.    2  vols.  31..  6d. 

-  Saviom-.   Completed  by  Lady  Eaatlake.   2  vols.  42,. 

Londor,  LONGMANS  &  CO. 
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Longman's  Three  Cathedrals  Dedicated  to  St.  Paul    ^qwe  crown  Syo  21.. 
nSays  Lays  of  Ancient  Eomc.   With  90  Illustrations.   Fcp.  4to.  21,. 
MacfaiTcn's  Lectures  on  Harmony.   8vo.  12s.  T„„ifimnlOsCa 
Mlniatm-e  Edition  of  Macaulay's  Lays  of  Ancient  Eome.   Imp.  16"^°; 
S^Melodies.  With  161  Plates  by  D.MacliseE.A.  Super.r°yal8vo.21  . 

_     LnllaEookh.   Temiiel's  Edition.   With  68  Illustrations    Fcp.  4to.  SU 
Korthcote  and  BrownloWs  Eoma  Sotten-a^ea.  Pakt  I.   8vo.  24, 
Perrv  on  Greek  and  Eoman  Soulptui-e.   8vo.  L-fi- 
Re^^^e-s  Dictionary  of  Ai-tists  of  the  English  School.   8vo.  16,. 

.THE  USEFUL  ARTS,   MANUFACTURES  &c. 
Boume'sCatechism  of  the  Steam  Engine.   Pep.  8vo.  6,. 

_     Examples  of  Steam,  Air,  and  Gas  Engines.   4to.  70,. 
_     Handbook  of  the  Steam  Engine.   Fcp.  8vo.  9,. 
_     Eecent  Improvements  in  the  Steam  Engine.   Pep.  8vo.  6s. 
_     Treatise  on  the  Steam  Engme.  4to.42,. 
Cresy's  EncyclopEedia  of  Civil  Engineering.   8vo.  42,. 
GuUey's  Handbook  of  Practical  Telegraphy.   8vo.  16s. 
ESe^Household  Taste  m  Purniture,  &c.   Square  crown  8vo  14s 
prirbairn's  Useful  Information  for  Engineers.   3  voK  crown  8vo.  31s.  Gd. 
_       AppUcations  of  Cast  and  Wrought  Iron.   8vo.  16s. 
_      MiUs  and  MiEwork.   1  vol.  8vo.  25s. 
Gwilt's  Encyclopaedia  of  Architecture.   8vo.  52s.  6d.  .  „ 

H^on'B  Amatem:  Mechanics  Practical  Handbook.   Crown  8vo.  2s.  Gd. 
Hoskold's  Engineer's  Valuing  Assistant.   8vo.  31s.  6c(. 
M  MetallSgy,  adapted  by  Crookcs  and  Eohrig.   3  vols.  8vo.  £4. 19s. 
Loudon's  Encyclopaedia  of  Agriculture.   8vo.  21,. 

_  _         _  Gai-dening.   8vo.  21,. 

MitcheU's  Manual  of  Practical  Assaying.   8vo.  31,.  Gd. 

Northcott's  Lathes  and  Tunimg.   8vo.  18s.         ^  t^„„^„'=.  German 

ïïi-fs:~s«r^^^^^   

Ure's  Dictionary  of  Arts,  Manufactures,  &  Mmes. 


RELIGIOUS  &  MORAL  WORKS. 

Abbey  &  Overton's  English  Churchin  the  Eighteenth  Century   2  voLc  Svo.  36,. 

the  EeTo.P.  Eden.   10  vols.  8vo.  £6.  5,. 
Boultbee's  Commentary  on  the  39  Articles    Crown  8vo  6s. 
Browne's  (Bishop)  Exposition  of  the  39  Articles^  Svo.  16s. 

Maps.  Landscape  on 

^'t\Zt:^'^^^ol:t.tVà..^on  of  Maps,  Plates,  a.d  Woodcuts. 
'  SXIS  Kd  and  condensed,  with  46  Illustrations  and  Maps. 
OoJnlo'rri'^'on  the  Pentateueh^nd  tiie  Moabite  Stone.  8vo.  12,. 
London,  LONGMjVNS  &  CO. 
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Colenso  on  the  Pentateuch  and  Book  of  Joshua.   Crown  8ro.  6*. 

—  —   PAnT  VII.  completion  of  the  larger  Work.   8vo.  24i-. 

■  D'Aubigné's  Reformation  in  Europe  in  the  Time  of  Calvin.   8  vols.  8vo.  £0. 12s. 
Dmmmond's  Jewish  Messiah.   Svo.  15s. 

Ellicott'a  (Bishop)  Commentary  on  St.  Paul's  Epistles.   8vo.   Galatians,  8s.  6d. 

Ephesians,  8,!.  6d.   Pastoral  Epistles,  10s.  6d.   Philipplans,  Colossians,  and 

Philemon,  10s.  6d.   Thessalonians,  7s.  6d. 
Ellicott'3  Lectures  on  the  Life  of  our  Lord.   8vo.  12s. 
Ewald's  History  of  Israel,  translated  by  Carpenter.   5  vols.  8vo.  63j. 

—  Antiquities  of  Israel,  translated  by  Solly.   8vo.  12*.  6d. 
Goldziher's  Mythology  among  the  Hebrews.    8vo.  IGs. 
Jukes's  Types  of  Genesis.   Crown  8vo.  7s.  6d. 

—  Second  Death  and  the  Restitution  of  all  Things.  Crown  8vo  3j  6d 
Kalisch's  Bible  Studies.  Pabt  L  the  Prophecies  of  Balaam.   8vo.  loi  6<i 

T      ~      ~  Pabt  n.  the  Book  of  Jonah.  8vo.l0s.6d. 

^^Pn?  nf^?S."'  °î      Christian  Religion  derived  from  the  Fulfil- 

ment of  Prophecy.   Square  8vo.  12i.  6d.   Post  8vo.  6*.  ci^umi 
Kuenen  on  the  Prophets  and  Prophecy  in  Israel.   8vo.  21j. 
Lyra  Germanica.   Hymns  translated  by  Miss  Winkworth.   Fcp  8vo  5s 
MauniEgs  Temporal  Mission  of  the  Holy  Ghost.   8vo.  Ss.  6d. 
Martineau's  Endeavours  after  the  Christian  Life.   Crown  8vo'.  7s.  ed. 

—  Hymns  of  Praise  and  Prayer.  Crown  8vo.  4i.  6d.'  32mo.  U  6d 

—  Semons;  Hoiurs  of  Thought  on  Sacred  Things.   Crown  8vo.  7*.  6d 
Menvale  s  (Dean)  Lectures  on  Early  Church  History.   Crown  8vo 

MiU  s  Thi-ee  Essays  on  Religion.  8vo.lOs.6d 

Muller-s  (Max)  Lectures  on  the  Science  of  Religion.   Crown  8vo.  10*.  6d 
Newmaa  s  Apologia  pro  Vita  Sua.   Crown  8vo.  6i 

One  Hundred  Holy  Songs,  &c.   Square  fcp.  8vo.  2s  Gd 

Passing  Thoughts  on  Religion.   By  Miss  Sewell.   Pep.  8vo  3*  e.^ 

SeweU's  (Miss)  Preparation  for  the  Holy  Communion.   32mo.'  3*.  ' 

Shipley  s  Ritual  of  the  Altar.   Impei-ial  Svo.  42*. 

Supernatural  ReUgion.  3  vols.  8vo.  38*. 

Thoughts  tor  the  Age.   By  Miss  SeweU.'  Fcp.  8vo  3*  6<i 

^ughan-s  Trident,  Crescent,  and  Cross  ;  the  Religious  History  of  India.  8yo  9*  Gd 
Whately  s  Lessons  on  the  Christian  Evidences.   18mo  6a!  '>^o.js.bd . 

White's  Four  Gospels  in  Greek,  with  Greek-English  Le^co'n.   32mo.  6*. 

TRAVELS,  VOYAGES  &c. 

-    Eight  Tears  in  Ceylon.   Crown  8vo.  7*.  6d. 

Bmslw"  °'      ^'=P"''"<=  °f  San  Marino.   Crown  8vo 

Brassey  s  Voyage  in  the  Yacht  '  Sunbeam.'   Cro^vn  8vo  7,  Gd 
Edwards's  (A.  B.)  Thousand  Miles  up  the  Nile.   Im^  8vo.  42* 

London,  LONGMANS  <fe  CO. 
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vols. 


Evans's  mjrian  Letters.   Post  8vo.  7t.  6(f. 
Grohman's  Tyrol  and  the  Tyrolese.   Crown  8vo.  Gs. 
Indian  Alps  (Tlje).  By  a  Lady  Pioneer.  Imperial  8vo.  42i. 
Lefroy's  Discovery  and  Early  Settlement  o£  the  Bermuda  Islands.  2 
royal  8to.  GOj. 

MiUer  and  Skertchley's  3?enland  Past  and  Present.   Royal  8vo.  S\s.  Sd.  Large 

Paper,  50s. 

Noble's  Cape  and  South  Afi-ioa.   Fcp.  8vo.  3s.  ed. 
Packe's  Guide  to  the  Pyrenees,  for  Mountaineers.   Crown  8vo.  7j.  6d. 
The  Alpine  Club  Map  of  Switzerland.   In  four  sheets.  42i. 
Wood's  Discoveries  at  Ephesus.  Imperial  8vo.  GSs. 


WORKS  OF  FICTION. 

Becker's  Charides  ;  Private  Life  among  the  Ancient  Greeks. 
—     Gallus  ;  Eomau  Scenes  of  the  Time  of  Augustus. 

Cabinet  Edition  of  Stories  and  Tales  by  Miss  Sewell  : 


Post  Svo.  7*.  6d. 
Post  8vo.  Is.  6d. 


Amy  Herbert,  2s.  6d. 
Cleve  Hall,  2s.  6d. 
The  Earl's  Daughter,  2j.  Sd. 
Experience  of  Lite,  2s.  Gd. 
Gertrude,  2s.  Gd. 


Ivors,  2s.  Gd. 
Katharine  Ashton,  2s.  Gd. 
Laneton  Parsonage,  3j.  Gd. 
Margaret  Percivsd,  Ss.  Gd. 
Ursula,  3s.  Gd. 


Novels  and  Tales  by  the  Eight  Hon.  the  Earl  of  Beaoonsfleld,  K.G 
Edition,  complete  in  Ten  Volumes,  crown  8vo.  price  ±.d 


Cabinet 


Lothair,  Gs. 
Coningsby,  Gs. 
SybU,  6*. 
Tancred,  Gs. 
Venetia,  Gs. 

The  Modern  Novelist's  Library 


complete  in  itself,  price  2i.  boards,  or  2*.  Gd.  cloth  : 


Henrietta  Temple,  6*. 
Contarini  Fleming,  6». 
AJroy,  Ixion,  &c.  6i, 
The  Young  Duke,  &o.  Gs. 
Vivian  Grey,  6i. 
Each  Work  In  crown  8vo.   A  Single  Volume, 


By  the  Earl  of  Beaoonsfleld,  K.G. 
Lothair. 
Coningsby. 
SybU. 
Tancred. 
Venetia. 

Henrietta  Temple. 

Contarini  Fleming. 

Alroy,  Ixion,  &o. 

The  Young  Duke,  &o. 

Vivian  Grey. 
By  Anthony  Trollope. 

Barchester  Towers. 

The  Warden. 
By  the  Author  of  '  the  Bose  Garden. 

Unawares. 

Lord  Beaoonsfleld's  Novels  and  Tales. 


By  Major  Whyte-MelviUe. 
Digby  Grand. 
G^eral  Bounce. 
Kate  Coventry. 
The  Gladiators. 
Good  for  Nothing. 
Holmby  House. 
The  Interpreter. 

The  Queen's  Maries.  ^ 
By  the  Author  of  '  the  Atelier  dn  Lys. 
Mademoiselle  Mori. 
The  AteUer  du  Lys. 
By  Various  Writers. 
Atherstone  Priory. 
The  Burgomaster's  Family. 
Eisa  and  her  Vulture. 
The  Six  Sisters  of  the  Valley. 
10  vols,  cloth  extra,  gilt  edges,  30s. 


from  Designs  by  B.  Doyle.   Crow  8vo.  3s.  Gd. 

London,  LONGMANS  &  CO. 
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„  .,  ,  „  POETRY  &  THE  DRAMA. 

Bailey  s  Festus,  a  Poem.   Crown  8yo.  12s.  6(1. 

Bowdler's  Family  Shakspeare.   Mediiom  Svo.  14..   6  vols.  fcp.  8yo  oj, 
BnanBoru,  aTragedy.byJ.T.B.  Svo.  6*. 

Cayley  s  Hiad  of  Horn  er,  HomometricaUy  translated.   8yo  12.  6d 

Comngton's^neid  of  Virga,ti-anslated  into  English  Terse    Crown  Syo  o 
Cooper's  Tales  from  Euripides.   Small  8yo        ^"^^  "         Crown  8yo.  9,. 

Edwards's  Poetry-Book  of  Elder  Poets.    16mo.  2s.  6d 

—   Poetry-Book  of  Modem  Poets.    I6mo.  2.  6d 

Ingelow's  Poems.   First  Series.   Illustrated  Edition.   Pep.  4to  21. 

Macaulay's  Lays  of  Ancient  Rome,  with  lyrv  and  thp  aJI.^  V/* 

Tonge's  Horatii  Opa-a,  Library  Edition.   8yo  21. 

Boteon  on  the  Ox,  his  Diseases  and  their -n-ea'tmek   Crown  8yo  Ts  CI 
I^tzwygram's  Horses  and  Stables.   8yo.  10.  M 

Francis's  Book  on  Angling,  or  Treatise  on  Fishi"ng.   Post  8yo  IK, 

-    Eemarks  on  Horses'  Teeth.   Post  8yo.  1.  6d 
Neyile  s  Horses  and  Biding.   Crown  8yo.  6. 
Eeynardson's  Down  the  Road.   Medium  8yo.  21. 
Ronalds  s  Fly-Fisher's  Entomology.   8yo  14, 
Stonehenge's  Dog  in  H«ath  and  Disease.  '  Square  crown  8yo.  7..  6^ 
^     Z,  ^  Greyhound.   Square  crown  8yo.  15. 
YouatfsWorkouthe  Dog.   8yo.  12..  6<7. 

,     —    —   —  Horse.    8yo.  6.. 
Wilcooks's  Sea-Fisherman.   Post  8yo.  12.  6«? 

Bull  on  the  Maternal  Management  of  Childi-en    vt^  «  » 

/    •        "-J  l  atentee  3  Manual.   Fnnrrt    o 

Longman's  Chess  Openings.  Fcp.  8yo.  2.  8vo.  10..  Crf. 

London,  LONGMANS  &  CO. 
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Maoleod'3  Economics  tor  Beginners.    SmaU  crown  8vo.  2<.  6d. 
_      Theory  and  Practice  of  Banking.   2  vols.  Svo.  26.. 
_      Elements  of  Banking.   Fourth  Edition.   Crown  8vo.  6.. 
M'CuUoch's  Dictionary  of  Commerce  and  Commercial  Navigation.   8yo.  68.. 
Maunder's  Biographical  Treasury.   Pep.  8vo.  6*. 
_      Historical  Treasury.   Pep.  8vo.  6i. 
_      Scientific  and  Literary  Treasury.   Pep.  8vo.  6*. 

Tre£>sury  of  Bible  Knowledge.   Edited  by  the  Rev.  J.  Ayre,  M.A.  Fcp. 

TrOT  of  Botany.  Edited  by  J.  Lindley,  P.R.S.  and  T.  Mooi-e,  P.L.S. 
Two  Parts,  fcp.  8vo.  12i. 
_      Treasury  of  Geography.   Pep.  8vo.  6s.  -no,.. 
Treasu^  of  Knowledge  and  Library  of  Reference.   Pep.  8vo.  Ci. 

_      Treasury  of  Natural  History.   Pep.  8vo.  6*. 

Piei-ÎSL— ^h^s  P"^^^^  and  Stu^s.   Pep.  8vo  7.  6.^ 
S  ^eory  of  the  Modem  Scientific  Game  of  Whist.   Pep.  8vo.  2,.  6d. 
Scott's  Parm  Valuer.   Crown  8vo.  5i. 

Wilson  on  Banking  Reform.    Syo.7s.Gd.       „     ,    „  „. 
_     on  the  Resoui-ces  of  Modem  Countries  2  vols.  8vo.  2is. 

MUSICAL  WORKS  BY  JOHN   HULLAH,  LL.D. 

Chromatic  Scale,  with  the  Inflected  SyUables.  on  Large  Sheet.   !..  W. 

^or  soprano  or  Tenor,  2.  6.. 

»ar  of  Musical  Harmony.  Royal  8vo.  2  Parts,  each  !..  6</. 
W^ercises  to  Grammar  of  Musical  Harmony.  IJ. 

of  counterpoint.  ^^^-^nT^er  r'-^her,  a. 
Hullah's  Manual  of  Singing  J  the  kanual.  Books 

Exercises  and  Pigures  contamed  in  Parts  I.  ana  ii. 

I.  &  n.  each  M  jfos.  1  to  8  in 

Large  Sheets,  containing  the  Pigures  m  rai 

a  Parcel.  -p^rcises  in  Part  L  of  the  Manual.  No3.  9  to  40, 

Infant  School  Songs.  6(2. 

^tTtion,  the  Musical  Alphabet.  Crown  8vo.  6d. 
Old  Bngùsh  songs  for  Schools,  Hamoms^.  6d. 
Budiments  of  Musical  Grammar.  Hoy^^»^;^  "^^j, 

school  Songs  for  2  ''^^  '  Cro^  8vo.  2..  M. 

Time  and  Tune  in  the  Elementa^  SchooL^  Crown 
Exercises  and  Figures  in  the  sam^^^Crown^ 

London,  LONGMANS  &  CO. 


~SpoUUwoode  &  Co.,  Pri^s,  Nev,M  Square,  London. 
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